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A bstrac t
The goals o f this dissertation were to measure the thermal conductivity, specific heat, and density 
o f different propylene glycol nanofluids; compare the results with existing correlations; and 
develop new correlations with the obtained data. A numerical study has been performed to study 
the benefits o f nanofluids in cold climate ground source heat pumps. Nanofluids are dispersions 
o f nanoparticles with average sizes o f less than 1 0 0  nm in heat transfer fluids such as water, oil, 
ethylene glycol, and propylene glycol. In cold regions, the common heat transfer fluids used are 
ethylene glycol (EG) and propylene glycol (PG). In the present research, a propylene glycol (PG) 
and 40% water (W) by mass fluid mixture was used as a base fluid, which has a freezing point of 
-51.1 0C.
Experiments were conducted to measure the density o f several nanofluids containing 
nanoscale particles o f aluminum oxide (A hO 3), zinc oxide (ZnO), copper oxide (CuO), titanium 
oxide (TiO2), and silicon dioxide (SiO2). These particles were individually dispersed in a base fluid 
o f 60:40 propylene glycol and water (PG/W) by mass. Additionally, Carbon Nanotubes (CNT) 
dispersed in deionized w ater (DI) were also tested. Initially, a benchmark test was performed on 
the density o f the base fluid in the temperature range o f 0°C to 90°C. The measurements were 
performed with different particle volumetric concentrations from 0  to 6 % and nanoparticle sizes 
ranging from 10 to 76 nm. The temperature range o f the measurements was from 0° to 90°C. These 
results were compared with the values predicted by a currently acceptable theoretical equation for 
nanofluids. The experimental results showed good agreement with the theoretical equation, with a 
maximum deviation o f -3.8% for copper oxide nanofluid and an average deviation o f -0.1% for 
all the nanofluids tested.
An experimental study has been carried out to determine the thermal conductivity o f five 
different nanofluids, containing aluminum oxide, copper oxide, zinc oxide, silicon dioxide, and 
titanium dioxide nanoparticles, dispersed in a base fluid o f 60:40 (by mass) propylene glycol and 
water. The effect o f particle volumetric concentrations up to 6 % was studied with temperatures 
ranging from 243K to 363K. The thermal conductivity o f nanofluids showed a direct relationship 
with particle volumetric concentration, particle size, properties, and temperature. Several existing 
theoretical models for thermal conductivity o f nanofluids were compared with the experimental
v
data, but they all showed some disagreement. Therefore, the most agreeable model was selected 
and refined for propylene glycol nanofluids. This model considered the thermal conductivity o f 
nanofluids as a function o f Brownian motion, Biot number, fluid temperature, particle volumetric 
concentration, and the properties o f the nanoparticles and base fluid. This model provided good 
agreement with 600 experimental data points o f five nanofluids, with an average absolute deviation 
o f 1.79 percent.
Specific heat was measured for five different nanofluids containing aluminum oxide 
(A hO 3), zinc oxide (ZnO), copper oxide (CuO), titanium oxide (TiO2), and silicon dioxide (SiO2) 
nanoparticles dispersed in a base fluid o f 60% propylene glycol and 40% water by mass (60:40 
PG/W). The measurements were carried out over a temperature range o f -30 C to 90°C, for 
nanoparticle volumetric concentrations o f 0.5% to 6 %, and for average particle sizes ranging from 
10 nm to 45 nm to evaluate their effects on the specific heat. From comparison, it was found that 
the existing specific heat correlations were not able to predict the measured experimental values, 
therefore, a new correlation was developed to predict the specific heat o f various 60:40 PG/W  
based nanofluids. This new correlation is in good agreement with 610 experimental data points of 
the five nanofluids, with a maximum deviation o f -5% exhibited by the A hO 3 nanofluid and an 
average deviation o f -0.094% for all five nanofluids.
The COP o f a GSHP in cold climates is limited by the circulation o f heat transfer fluid in 
a ground heat exchanger loop at very low temperatures. This requires a greater tube length in the 
ground heat exchanger to absorb an adequate amount o f heat. One way to increase the COP o f a 
GSHP is by replacing the heat transfer fluid with more efficient fluid, such as a nanofluid. In this 
paper, a GSHP operating in central Alaska is analyzed. Analytical and numerical studies were 
performed on the ground heat exchanger o f the GSHP. Results calculated from modeling showed 
good agreement with experimental data for a conventional heat transfer fluid, a methanol and water 
mixture, validating the models. Next, the analysis were performed using Al2O3 and CuO 
nanofluids with three different particle volumetric concentrations, 0.5, 1, and 2%. The results 
showed nanofluids absorbed more heat than the basefluid. The ground temperature was varied 
from 273 to 288K and the fluid velocity from 1 m/s to 5 m/s. The best heat absorption rate o f 12% 
over the basefluid was observed for an Al2O3 nanofluid o f 2% concentration at a ground 
temperature o f 273K.
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Chapter 1 Introduction
1 .1  D escrip tion of nanofluids
Nanofluids are new heat transfer fluids, which contain very small quantities o f nanoparticles that 
are uniformly and stably suspended in a fluid. Suspension o f these tiny particles dramatically 
changes the properties o f the fluid. The average sizes o f the particles that are suspended in the fluid 
are less than 100 nm. Choi [1] coined the term “nanofluids” for this new type o f heat transfer 
fluids. W ith increasing thermal loads from engines, optical devices (lasers), and microelectronics 
(CPU), cooling is crucial to maintain optimal performance and reliability o f devices. The 
conventional methods to increase heat transfer are providing extra surface area by using fins or 
microchannel heat exchangers. However, the high-pressure drop in microchannels caused 
problems in their application. Modern manufacturing methods provided the opportunity to process 
and produce different nanoscale materials. The thermal, mechanical, optical, magnetic and 
electrical properties o f nanomaterials are superior to those o f conventional materials. This caught 
the attention o f material scientists and engineers: a m ajor advance would be suspending these 
nanoparticles into fluids and enhancing their heat transfer. Argonne National Laboratory has 
pioneered high thermal conductivity fluids, called nanofluids, by suspending nanoparticles in 
conventional coolants [1]. M ost heat transfer fluids have a low thermal conductivity compared to 
metals. A coolant, propylene glycol, and water (PG/W) mixture with proportional mass o f 60:40 
has a thermal conductivity o f 0.334 W /mK at 20°C, whereas aluminum oxide has a thermal 
conductivity 100 times greater at 36.0 W /m K. However, the specific heat o f metals is much lower 
than that o f liquids. This is illustrated in Figure 1.1 with other thermophysical properties.
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Figure 1.1 Properties comparison between PG/W, A hO 3, CuO and SiO2
Thus, mixing metals and fluids can bridge the gap between fluids and solids. In recent years, 
researchers have shown that dispersing a small volume o f nanoparticles in conventional heat 
transfer fluids can significantly enhance their thermal conductivity and convective heat transfer 
coefficient [2-6], by as much as 45% for a constant Reynolds number with A hO 3 at a concentration 
o f 1.34% dispersed in distilled water. These results have motivated both the industrial and 
scientific communities to explore the thermophysical properties o f nanofluids, which strongly 
influence fluid dynamics and heat transfer characteristics. Some o f the potential benefits of 
nanoparticles over microparticles are mentioned by several researchers [6 - 8 ]:
• Im proved  heat tran sfe r and  stability: Nanoparticles suspended in conventional fluids 
increase the surface area for heat exchange, resulting in better heat transfer. Since the 
nanoparticles are nanometer-scale, this keeps them afloat in fluid for a longer time, which 
increases stability.
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• M icrochannel cooling: Microchannel heat exchangers are used in places where high heat 
transfer rates are required. Using nanofluids in these heat exchangers can increase the heat 
transfer rate dramatically [7].
• M inim al clogging: M icrometer-sized particles cause clogging problems when used in 
systems. This problem can be eradicated using nanoparticles. Due to their size, 
nanoparticles can pass through narrow passages without clogging, thus enhancing heat 
transfer.
• M in ia tu riza tion : Nanofluids can help in miniaturizing electronic devices. Nanofluids can 
extract m ore heat than conventional fluids, which helps in designing small components.
• C ost and  energy savings: Nanofluids are more efficient than conventional fluids, which
leads to cost and energy savings in heat transfer by coolants.
• P um ping pow er: To improve heat transfer by two times, we have to increase the pumping
power by nearly 10 times. Nanofluids increase the heat transfer for the same operating
conditions. So, in order to get the required heat transfer, nanofluids do not require as much 
pumping power as conventional coolants.
Comprehensive studies summarized by Das et al. [6 ] and Minkowycz et al. [8 ] have described 
m any aspects o f a large number o f nanofluids, focusing on thermophysical properties and 
convective heat transfer. It is now well established that their thermophysical properties make 
nanofluids beneficial in heat transfer applications. M any papers have been published in the last 
decade by researchers studying nanofluids. A few examples are: thermophysical properties [9­
13]; heat transfer coefficient and friction factor characteristics [2, 14, 15]; and applications in 
different types o f heat exchangers, such as, air coils [16, 17] , radiators [18], and plate heat 
exchangers [19].
1.2 M aking  of N anofluids
Nanofluids are prepared using two-step and one step methods [7, 20]. In the single step method, 
the nanoparticles are evaporated directly into the base fluid, while in the two step method, 
nanoparticles are produced, then dispersed in the base fluid. The two step method works well for 
oxide nanoparticles, but is not effective for metal nanoparticles. The single step method is 
preferable for high conductivity pure metal nanoparticles.
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1 .2 .1  Tw o-step m ethod
The two-step method is the m ost widely used method to prepare nanofluids. In this method, 
nanoparticles are prepared as dry powders using inert gas condensation. Chemical vapor deposition 
has been used to produce nanoparticles for m aking nanofluids. The nano-sized powder is then 
dispersed into the fluid in the second step. M ethods like magnetic force agitation, ultrasonic 
agitation, high shear mixing, among others, are employed to stabilize the nanofluids. Surfactants 
are added to enhance the stability o f nanofluids. The volume o f the surfactants added is very small 
compared to the volume o f the nanoparticles. Figure 1.2 explains the two-step method used for 
nanofluid preparation. The two-step method is the most economical method for producing 
nanofluids at a large scale, because nanopowder synthesis techniques have already been scaled up 
to industrial production. The problem faced by this method is nanoparticle agglomeration, even 
after hours o f ultrasonication o f nanofluids. Due to difficulty in preparing stable nanofluids by the 
two-step method, several advanced techniques, like the one step method, have been developed.
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Figure 1.2 Two-step method for nanofluid preparation
1 .2 .2  O ne-step m ethod
To reduce the agglomeration o f nanoparticles, the physical vapor condensation method is used to 
prepare copper ethylene glycol nanofluids. The one step process consists o f continuously making 
nanoparticles and dispersing them in the base fluid simultaneously. Figure 1.3 shows the 
instrument used to prepare nanofluids through the one step method. This process avoids drying, 
storage, transportation, and dispersion o f nanoparticles, decreasing their chances o f agglomeration. 
This method also increases the stability o f nanofluids. However, preparation o f nanofluids using 
the one step method is difficult because o f factors like incomplete reaction and the vapor pressure 
o f fluid, which play a very important role in this method. This method is only favorable for fluids 
with a low vapor pressure.
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Figure 1.3. Nanofluid production by the one step method. (Source: Eastman et al. [21])
1.3 Benefits of nanofluids in cold clim ates
In cold climate regions like Alaska, Canada, Northern Europe, and Russia, the ambient 
temperatures may reach -40°C. In such regions, Ethylene Glycol (EG) and Propylene Glycol (PG) 
are commonly used as heat transfer fluids. Pure EG or PG  will freeze around -40°C, but when they 
are mixed with pure water, their freezing point is depressed below -40°C. Therefore, it is common 
practice to use a mixture o f water and EG or PG  as the heat transfer fluid in building heating 
systems, automobiles, and heat exchangers o f industrial plants that are exposed to low 
temperatures. The mixture o f 60% of propylene glycol and 40% water (60:40 PG/W ) by volume 
has the lowest freezing temperature, -51 .1C  ASHRAE [22].
Vajjha and others [2] conducted measurements on different nanofluids with 60:40 EG/W  
base fluids. E G  is toxic in nature and takes a longer time to degrade in the environment, while PG 
is non-toxic in nature and easily decomposes in the environment. Therefore, it is safer to use PG/W 
in human interaction applications. For heating residential buildings in cold regions, PG/W  is the 
recommended heat transfer fluid due to the possibility o f mixing with potable water in the 
household plumbing systems. For this reason, 60:40 PG/W  has been selected as the base fluid for 
our experiments. Determining the thermophysical properties o f the nanofluid is essential for
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determining the convective heat transfer coefficient and the pumping power, because the Reynolds 
and Prandtl numbers depend on viscosity, specific heat, density, and thermal conductivity. Until 
now, very few experimental studies have been done to measure the density, thermal conductivity, 
and specific heat o f PG/W  nanofluids. Therefore, these properties have been measured and 
correlations have been developed in this dissertation.
1.4 A pplication of nanofluids
Nanofluids have four important characteristic features, which are required by energy systems (fluid 
and thermal systems) [8 , 23]:
• Increased thermal conductivity
• Strong temperature-dependent thermal conductivity
• Nonlinear increase in thermal conductivity with nanoparticle concentration
• Increase in boiling critical heat flux.
These features enhance the application o f nanofluids to improve heat transfer and energy 
efficiency in industrial and engineering areas like industrial coolants, smart fluids, nuclear reactor 
coolants, geothermal power extraction, nanofluids in automobile fuels, brake fluids, car radiator 
coolant, and microelectronics cooling. Nanofluids finds applications where heat transfer fluids are 
being used to exchange heat. Industry coolants are used in public utilities, the oil and gas industry, 
the food and beverage processing industry, solar energy, and heating, ventilation, and air 
conditioning (HVAC), among other areas. The following sections provide brief descriptions o f the 
application o f nanofluids in different areas.
1.4.1 A utom otive
The research on using nanofluids as coolants in automobiles is being carried. The nanofluid group 
at the University o f Alaska Fairbanks performed research on the potential use o f nanofluid coolants 
in automobiles. Vajjha et al. and Ray and Das [18, 24] studied the application o f nanofluids in 
automobile radiators. Vajjha performed a numerical study using A hO 3 and CuO in EG/W 
nanofluids. They found a heat transfer coefficient enhancement o f 94% for a 10% volume
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concentration o f A hO 3 nanofluids. Ray and Das performed analytical and numerical studies on the 
application o f A hO 3, CuO, and SiO2 nanofluids in automobile radiators. They found that at optimal 
radiator operating conditions, the pumping power decreased by 35.3%, reduce the surface area by 
7.4% by using 1% A hO 3 nanofluids.
1.4.2 E lectronics cooling
Recent advancements in electronics and microchips have proportionately increased the heat 
dissipated from them. In order to maintain their performance, the produced heat should be removed 
efficiently. Nanofluids are used for cooling microchips in computers as well as in other electronic 
applications. The nanofluids group at the University o f Alaska Fairbanks has performed research 
on the application o f nanofluids in electronics cooling. Namburu et al. [25] studied the application 
o f CuO and water nanofluids in heat sinks o f electronics. They found that nanofluids increase the 
heat transfer coefficient nearly 2 times. This proved that nanofluids could efficiently transfer the 
heat from heat sinks. Researchers have performed both analytical and numerical studies on 
nanofluid application in heat sinks and found significant improvement in thermal performance.
1.4.3 Building H eating
Heat exchangers are used to exchange heat in building heating and cooling systems. These heat 
exchangers use nanofluids with thermophysical properties superior to those o f the traditional fluid. 
The use o f nanofluids in HVAC systems could result in reducing the volumetric flow rate and the 
required pumping power. Kulkarni et al. [17] studied the application o f nanofluids for cold climate 
housing. They performed an analytical analysis using CuO, A hO 3, and SiO2 nanoparticles 
dispersed in 60:40 EG/W  nanofluids in conventional finned-tube heat exchangers used in heating 
systems o f cold buildings. The results showed that a maximum 37% reduction in flow rate was 
attained for a 6 % volumetric concentration o f A hO 3. For a 6 % volumetric concentration o f CuO 
at constant Reynolds number, a reduction o f 20.37% surface area was observed. Strandberg and 
Das [16] performed a theoretical analysis on the application o f CuO nanofluids in hydronic 
building heating systems. They found an enhancement o f 87% in Nusselt number relative to the 
base fluid at a constant Reynolds number o f 14,000. These studies proved that nanofluids can be 
applied for building heating and cooling systems.
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1.4.4 Biom edical applications
Nanofluids are being used in many biomedical applications, including nano-drug delivery, cancer 
therapeutics, cryopreservation, nanocryosurgery, and sensing and imaging [8 ]. In conventional 
drug delivery systems, the drug concentration in the blood will increase and then drop as the drug 
is metabolized. This cycle is repeated as the required outcome is achieved. By contrast, in nano­
drug delivery systems, a controlled drug delivery takes place by well-timed release o f drug. This 
helps in drug delivery for extended periods o f time in the required region. Researchers are working 
on a way to perfect this system. M agnetic nanofluids are being used in biomedical applications to 
recognize and treat tumors. More research still needs to be done to produce stable nanofluids that 
are compatible with tissue cells. In cryosurgery, nanoparticles are introduced near the tum or cells. 
They can kill the tum or cells by regulating the temperature o f the nanoparticles from outside.
1.4.5 N anofluids un d er zero gravity
Nanofluids can become an excellent heat transfer agent for spacecrafts. The serious weakness of 
nanofluids is particle settling, which does not occur in the zero gravity environment. Therefore, 
nanofluids will be valuable candidates for heat transfer in the International Space Station and 
spacecrafts being designed for deep space, such as those o f the Mars mission.
1.5 Sum m ary  of chap ters
This dissertation has been written in manuscript format. Chapter 1 gives a brief introduction to 
nanofluids and their engineering applications. Chapters 2, 3, and 4 describe the experimental study 
on thermophysical properties o f 60:40 PG/W. Chapter 5 studies the application o f nanofluids in 
ground source heat pumps. Chapters 2, 3, 4 and 5 were under review by different journals. Chapter 
6  summarizes the conclusions drawn from the present research.
Chapter 2 describes density measurements performed on several nanofluids containing 
nanoscale particles o f aluminum oxide (Al2O3), zinc oxide (ZnO), copper oxide (CuO), titanium 
oxide (TiO2), and silicon dioxide (SiO2). These particles were individually dispersed in a base fluid 
o f 60:40 propylene glycol and water (PG/W) by mass. Additionally, Carbon Nanotubes (CNT) 
dispersed in deionized w ater (DI) were also tested. Initially, a benchmark test was performed on
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the density o f the base fluid in the temperature range o f 0°C to 90°C. The measured data agreed 
with the values presented in the handbook o f American Society o f Heating, Refrigerating, and Air 
Conditioning Engineers (ASHRAE) within a maximum error o f 1.6%. After this validation run, 
density measurements o f various nanofluids with particle volumetric concentrations from 0  to 6 % 
and nanoparticle sizes ranging from 10 to 76 nm were performed. The temperature range o f the 
measurements was from 0 to 90°C. These results were compared with the values predicted by a 
currently acceptable theoretical equation for nanofluids. The experimental results showed good 
agreement with the theoretical equation with a maximum deviation o f -3.8% for copper oxide 
nanofluid and an average deviation o f -0 .1% for all the nanofluids tested.
In Chapter 3, an experimental study was carried out to determine the thermal conductivity 
o f five different nanofluids containing aluminum oxide (Al2O3), zinc oxide (ZnO), copper oxide 
(CuO), titanium oxide (TiO2), and silicon dioxide (SiO2). Dispersed in a base fluid o f 60:40 (by 
mass) propylene glycol and water. The effect o f particle volumetric concentrations up to 6 % was 
studied, with temperature ranging from 243K to 363K. The thermal conductivity o f nanofluids 
showed a direct relationship with particle volumetric concentration, particle size, properties, and 
temperature. Several existing theoretical models for thermal conductivity o f nanofluids were 
compared with the experimental data, but they all showed some disagreement. Therefore, the most 
agreeable model was selected and refined for propylene glycol nanofluids, utilizing the framework 
presented in earlier research. This model considered the thermal conductivity o f nanofluids as a 
function o f Brownian motion, Biot number, fluid temperature, particle volumetric concentration, 
and the properties o f the nanoparticles and base fluid. This model provided good agreement, with 
600 experimental data points o f five nanofluids having an average absolute deviation o f 1.79 
percent.
Chapter 4 describes the specific heat measurements o f five different nanofluids containing 
aluminum oxide (A hO 3), zinc oxide (ZnO), copper oxide (CuO), titanium oxide (TiO2), and silicon 
dioxide (SiO2) nanoparticles dispersed in a base fluid o f 60% propylene glycol and 40% water by 
mass (60:40 PG/W). The measurements were carried out over a temperature range o f -30°C to 
90°C, for nanoparticle volumetric concentrations o f 0.5% to 6 %, and for average particle sizes 
ranging from 10 nm to 45 nm to evaluate their effects on the specific heat. From comparison, it 
was found that the existing specific heat correlations were not able to predict the measured
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experimental values, therefore, a new correlation was developed to predict the specific heat of 
various 60:40 PG/W  based nanofluids. This new correlation is in good agreement with 610 
experimental data points o f the five nanofluids, with a maximum deviation o f -5% exhibited by 
the A hO 3 nanofluid and an average deviation o f -0.094% considering all five nanofluids.
Chapter 5 describes the applications o f nanofluids in ground source heat pumps (GSHP). 
GSHP is the most energy efficient heating system for buildings available. The coefficient of 
performance (COP) o f cold climate ground source heat pumps (GSHP) is lower, around 2.0, 
compared to that o f tropical climate GSHP, about 4.0. The COP o f a GSHP in cold climates is 
limited by the circulation o f heat transfer fluid in a ground heat exchanger loop at very low 
temperatures. This requires a greater tube length in the ground heat exchanger to absorb an 
adequate amount o f heat. One way to increase the COP o f a GSHP is by replacing the heat transfer 
fluid with more efficient fluid, such as a nanofluid. In this paper, a GSHP operating in central 
Alaska is analyzed. Analytical and numerical studies were performed on the ground heat 
exchanger o f the GSHP. Results calculated from modeling showed good agreement with 
experimental data for a conventional heat transfer fluid, a methanol and w ater mixture, validating 
the models. Next, the analysis were performed using Al2O3 and CuO nanofluids with three 
different particle volumetric concentrations, 0.5, 1, and 2%. The results showed nanofluids 
absorbed more heat than the basefluid. The ground temperature was varied from 273 to 288K and 
the fluid velocity from 1 m/s to 5 m/s. The best heat absorption rate o f 12% over the basefluid was 
observed for an A hO 3 nanofluid o f 2% concentration at a ground temperature o f 273K.
Chapter 6  summarizes the overall conclusions drawn from the present studies. This chapter 
also lists some recommendations derived from the present study, which researchers can follow to 
carry forward the advancement o f nanofluids.
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Chapter 2 Thermal Conductivity Measurements of Propylene Glycol 
Nanofluids and Comparison with Correlations1
2.1 A bstrac t
This paper presents the specific heat measurements o f three nanofluids containing aluminum 
oxide, zinc oxide, and silicon dioxide nanoparticles. The first two are dispersed in a base fluid of 
60:40 by mass o f ethylene glycol and water (60:40 EG/W ) and the last one in deionized water. 
Measurements were conducted over a temperature range o f 315-363 K, which is the normal range 
o f operation o f automobile coolants and building heating fluids in cold regions. The nanoparticle 
volumetric concentrations tested were up to 10%. The measured values were compared with 
existing equations for the specific heat o f nanofluids. A close agreement with the experimental 
data was not observed. Therefore, a new general correlation was developed for the specific heat as 
functions o f particle volumetric concentration, temperature, and the specific heat o f both the 
particle and the base fluid from the present set o f measurements. The correlation predicts the 
specific heat values o f each nanofluid within an average error o f about 2.7%.
2.2 In troduction
Heat exchangers are used in a wide range o f applications from food processing to residential 
heating and cooling. W hile heat exchangers have been steadily improved through better materials 
and increased surface area, the heat transfer fluid remains unchanged. Fluids have inherently low 
thermal conductivity compared to that o f a solid. The thermal conductivity o f a fluid can be 
increased by dispersing solid particles in a liquid. This concept o f dispersing solid particles in fluid 
has existed for years. Researchers first tried to use micro- and m illimeter particles suspended in 
fluids, but encountered problems such as sedimentation, clogging, erosion and high pumping 
power. W ith nanoparticles, several o f the problems were resolved. Thus, a new class o f heat 
transfer fluids was created called nanofluids, Nanofluids are defined as suspensions o f solid
1 Satti, J. R, Das, D. K. and Ray, D, “Thermal Conductivity Measurements of Propylene Glycol Nanofluids and 
Comparison with Correlations," under review by ASME Journal of Heat and Mass Transfer.
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nanoparticles (less than 100nm) in fluid. Nanofluids can consist o f a variety o f nanoparticles, such 
as metals (Al, Cu, Ag, Au), metal oxides (A hO 3, ZnO, CuO, TiO2) and carbon-based materials 
(nanotubes, graphite, nanodiamonds). The nanoparticles are traditionally dispersed in base fluids 
(bf) such as water, ethylene glycol (EG), propylene glycol (PG) and oils. As recommended in 
ASHRAE [1], in cold regions, it is a common practice to use a mixture o f glycol and water for 
heating and cooling applications. The addition o f ethylene or propylene glycol depresses the 
freezing point o f mixture but decreases its thermal conductivity. Due to ethylene glycol’s toxicity, 
it is substituted by propylene glycol, even though propylene glycol has lower thermal conductivity 
than ethylene glycol. This can be overcome by suspending nanoparticles in PG/W to increase the 
thermal conductivity o f the fluid. There has been a lack o f studies conducted on the thermal 
conductivity o f PG/W  based nanofluids. Thus, we have conducted measurements o f the thermal 
conductivity o f various nanoparticles (A hO 3, ZnO, CuO, SiO2 and TiO2) suspended in 60:40 
PG/W  with concentrations and temperature ranging from 1% to 6 % and 243K to 363K, 
respectively. A brief discussion about the past research and different models is provided in the 
following sections. Different theoretical models for predicting thermal conductivity o f nanofluids 
have been developed in recent years. A comparison has been conducted between experimental data 
and previous models. This comparison shows that the model o f Parsher et al. [2] matches our 
experimental data better than other models. The Prasher et al. model is refined by deriving a new 
value o f a correlation constant from our experimental data o f PG/W  based nanofluids, which 
further improves the accuracy o f the model.
2.3 Previous w ork
2.3.1 E xperim ental
In the 19th century, Maxwell [3] developed a theoretical model to predict thermal conductivity o f 
solid particles in liquids. M axw ell’s model worked for micro- and millimeter particles, but under­
predicted the thermal conductivity o f nanofluids. Thermal conductivity measurements started with 
M asuda et al. [4] in the year 1993. By dispersing nanoparticles in water, they observed changes in 
its thermal conductivity. They dispersed A hO 3, TiO2 and SiO2 nanoparticles in water. They 
observed thermal conductivity increases with increasing particle concentration for A hO 3 and TiO2. 
They did not observe any change in thermal conductivity for SiO2 nanoparticles.
16
Lee et al. [5] measured thermal conductivity o f A hO 3 and CuO nanoparticles suspended in 
ethylene glycol and water (EG/W) using a transient hot wire method. They found that a 4% volume 
concentration o f CuO nanoparticles improved the thermal conductivity by 20%. They determined 
that thermal conductivity increases linearly with volume concentration. Eastman et al. [6 ] reported 
higher thermal conductivity with Cu/EG nanofluids compared to that o f pure EG  and CuO/EG 
mixtures. A volumetric concentration o f 0.3% Cu in EG  improved the thermal conductivity by 
40% compared to the base fluid. Choi et al. [7] dispersed multiwall carbon nanotubes (MWCNT) 
in oil and reported 160% enhancement o f the thermal conductivity for a volume concentration of 
1% . They observed a nonlinear relationship between the thermal conductivity enhancements and 
the nanotube concentration. This phenomenon was also found with oxide and metallic 
nanoparticles.
The thermal conductivity o f SiC particles dispersed in EG/W  measured by Xie et al. [8 ] and 
showed at a 22.9% enhancement at a 4% volumetric concentration.. Das et al. [9] studied the 
effects o f temperature (21 °C -  51 °C) on thermal conductivity o f nanofluids with volumetric 
concentrations varying from 1% to 4% . Their choice o f nanofluids consisted o f Al2O3 and CuO 
dispersed in water. They found that for a 1% concentration o f CuO, the thermal conductivity of 
the nanofluid (knf) was enhanced from 6.5% at 21 °C to 29% at 51°C. W ang et al. [10] described a 
model considering the surface adsorption between nanoparticles and fluid. They compared their 
model with experimental data o f 50 nm CuO/W ater with a volume concentration less than 0.5%. 
M urshed et al. [11] measured thermal conductivity o f TiO2/W ater nanofluids. They found that 
their experimental data did not match with existing theoretical models. Putnam et al. [12] measured 
the thermal conductivity o f C-60 and C-70 suspended in toluene with volume concentration less 
than 1%. Similarly, they measured Au particles suspended in ethanol. They found no significant 
increase in knf with concentrations less than 1%. They said that effective medium theory couldn’t 
predict the thermal conductivity o f nanofluids with volume concentrations less than 1%. Liu et al.
[13] presented a chemical reaction method that produces CuO nanoparticles. Utilizing their 
nanoparticles, they found that knf was enhanced by 23.8% for 0.1% volume concentration for 
CuO/water nanofluid. Li et al. [14] performed experiments on an A hO 3/water nanofluid with 
volume concentration up to 6 % using transient and steady state methods. They did not find any
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difference in measured values between the two methods. They concluded that the thermal 
conductivity o f nanofluids is independent o f measurement technique.
2.4 Role of param eters
Detailed research has been carried out to study the effect o f different parameters on the thermal 
conductivity o f nanofluids. The parameters that affect the thermal conductivity o f nanofluids are 
volume concentration, particle size, temperature, and pH, among others. The effect o f each of 
these parameters varies with different nanofluids. For oxide and metallic nanofluids, all early 
experiments showed a linear increase in thermal conductivity with volume concentration. It is the 
most common parameter studied in measuring the thermal conductivity o f nanofluids. Vajjha et 
al. [15] measured the thermal conductivity o f three different (A hO 3, ZnO, CuO) ethylene glycol 
nanofluids. They found that thermal conductivity o f nanofluids increases with volume 
concentration. There is an exception to this trend: M urshed et al. [11] performed experiments with 
both rod-shaped (10nm diameter X 40nm length) and spherical (15nm diameter) TiO2 
nanoparticles in water. They found that Knf enhancement is not linear with volume concentration 
in both cases. This non-linearity was also observed for A l2O3/W ater nanofluids.
Temperature is one o f the important factors to study. The thermal conductivity o f a fluid 
changes with temperature. A similar effect was also observed with nanofluids. The study on the 
effect o f temperature on nanofluids was done by Das and others [9]. They performed experiments 
on A hO 3 and CuO/W ater nanofluids over a temperature range from 20 °C to  50 °C. The motion of 
nanoparticles was suggested to be responsible for the observed strong sensitivity to temperature. 
Vajjha et al. [15] measured the thermal conductivity o f three different (A hO 3, ZnO, CuO) 60:40 
EG/W  nanofluids. They studied the effect o f temperature on the thermal conductivity of 
nanofluids. They found that thermal conductivity increases with temperature. There are exceptions 
to this trend: Duangthongusk et al. [16] observed decreasing thermal conductivity with increasing 
temperature for TiO2/W ater nanofluids with particle volume fractions from 0.2% to 2%. W ang et 
al. [17] performed experiments on CePO4/water nanofluids and found that Knf did not increase 
linearly with temperature. Wei et al. [18] performed experiments on Cu2O/water nanofluids and 
also found that Knf did not increase linearly with temperature.
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Nanoparticle size is another parameter that has attracted the attention o f researchers. Chon 
et al. [19] performed experiments with A hO 3/W ater nanofluids with different particle sizes o f 
150nm, 47nm and 11nm at a volume fraction o f 1%. Due to Brownian motion the smaller particles 
travel faster and result in better thermal conductivity. Other researchers observed a similar trend. 
Vajjha et al. [15] studied the effect o f particle size on the thermal conductivity o f 60:40 EG/W 
nanofluids. They found smaller particle size nanoparticles showed higher thermal conductivity. 
However, the opposite phenomenon is also observed. Shima et al. [20] performed experiments 
with Fe2O3 nanofluids and found that knf increases as particle size increases. Beck et al. [21] 
performed experiments on Al2O3 nanofluids and found that Knf increase was not linear with 
particle size. Fang et al. [22] performed molecular dynamics simulation on nanoparticles and 
proposed that, due to an increase o f phonon mean free path in the small sized particles, nanoparticle 
thermal conductivity decreases as particle size decreases.
The pH o f nanofluids also plays a role in the measurement o f thermal conductivity. Li et al.
[23], through experiments on copper/water nanofluids, showed that thermal conductivity varied 
widely as a function o f pH. The thermal conductivity o f the nanofluid increased as the pH increased 
from a value o f 2, reached a peak around pH = 9, and then decreased until pH 12 was reached. 
Therefore, there is an optimum value o f pH that ensures the highest thermal conductivity. Zhu et 
al. [24] studied the dispersion behavior and thermal conductivity o f A hO 3/water nanofluids. Their 
experiments were conducted within the pH  range o f 2 to 12. They also confirmed that the 
dispersion stability and the thermal conductivity o f this nanofluid were highly dependent on its 
pH. They achieved different pH values o f nanofluids by adding different proportions o f HCl and 
NaOH solutions. They found maximum thermal enhancement was observed at pH 8 . Lee et al.
[25] dispersed 25 nm mean diameter copper oxide nanoparticles in deionized water. They did not 
use any surfactant or dispersant in the preparation o f their nanofluids. Their particle size 
measurements showed the size range o f agglomerated particles from 160 to 280 nm within a pH 
range o f 3 to 11. Their thermal conductivity measurements showed a maximum enhancement of 
12% over that o f the base fluid at the lower pH o f 3, while at a pH o f 8 , the enhancement was 
negligible. However, at a pH o f 11 the thermal conductivity value again increased by about 11%. 
They concluded that the surface charge states o f nanoparticles were a basic parameter that 
enhanced the thermal conductivity o f nanofluids. Konakanchi et al. [26] measured the pH o f three
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different (A hO 3, ZnO, SiO2) 60:40 PG/W  nanofluids. They found that pH is a function of 
temperature, volumetric concentration and particle diameter. They found that pH increases with 
temperature and particle size.
2.5 T heoretical models
Maxwell [3] provided a theoretical Eq. (2.1) to predict the effective thermal conductivity o f solid 
and liquid mixtures. This equation is used for predicting thermal conductivity o f m icro and 
m illim eter sized solid particles suspended in liquids:
_ kp +  2 k bf  +  2 ( kp -  k bf) $  (2 .1)
nf kp +  2 k bf -  ( kp -  k bf)(p bf 
where knf is the thermal conductivity o f the solid- liquid mixture.
Hamilton and Crosser [27] further extended M axw ell’s model by including a particle shape factor, 
as shown in Eq. (2.2):
_ kp +  (n -  1) k bf -  (n -  1) ^ ( k bf -  kp) (2 .2 )
f  kp +  (n — 1 ) k bf  +  <p( k bf -  kp) f
3
where n is the empirical shape factor given by — and ^  is the particle sphericity, defined as surface
area o f a sphere. For spherical particles, n=3. These preliminary models were used to determine 
the thermal conductivity o f micro- and millimeter-sized particle suspensions.
Yu and Choi [28] proposed a modified Maxwell model by including the effect o f fluid layer around 
nanoparticles. They developed a correlation as shown in Eq. (2.3):
_ ( 2 (1 - y ) +  (1 + x Y (1 +  2 y ) ) y  (2.3)
pe= - ( 1 - Y )  +  ( 1 + X) 3(1 +  2 y )  V
where 7  =  laJ er is the ratio o f nanolayer thermal conductivity to particle thermal conductivity andkp
h
X  =  ~  i s  the ratio o f nanolayer thickness to particle radius. Finally, thermal conductivity o f the
nanofluid can be calculated using Eq. (2.4):
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, _  kpe +  2 k bf +  2 ( kp — k bf ) ( l  +  x f < P  (2 .4 )
nf kpe +  2 k bf — ( kp — k bf) (1 +  x ) 3$  bf 
Xuan et al. [29] proposed a model considering the Brownian motion o f nanoparticles and
their aggregation. They added apparent thermal conductivity o f nanofluid to M axw ell’s model, as
shown in Eq. (2.5):
_ kp +  2 k bf — 2 ( k bf — kp)& P $ cpp 
nf kp +  2 k bf +  ( k bf — kp) $  bf 2 .
(  KT \  (2.5)
\. ^ K KP V ^ \ 3W bfrc)
where rc is the mean radius o f gyration o f the cluster, p bf  is the viscosity o f basefluid, and K  is 
the Boltzmann constant.
The model o f Koo and Klienstreuer [30, 31], as shown in Eq. (2.6), takes into consideration 
particle size, volume fraction, temperature and properties o f base fluid. It also considers the 
Brownian motion o f nanoparticles:
kv +  2 k br — 2 ( k bf — kv)&
knf =  —-------- ----------------^ - k bf +  5 x 1 0 4B(bpb f Cv xn/ kp + 2 k bf +  ( k bf — kp)<p bf P W bf Pbf
KT  (2  6 ) f ( T , $ , e t c )  ( )
Ppd p
where is a fraction o f liquid which changes with different particles and f  ( T ,  <p) is a function of 
temperature and volume concentration, which changes from liquid to liquid.
Xue and Xu [32] developed an implicit relation, Eq. (2.7), for the effective thermal 
conductivity o f CuO/water and CuO/EG nanofluids based on a model that accounts for interfacial 
shells between the nanoparticles and the liquid.
(  $ \  knf — k bf $ ( ( knf — k 2 ) ( 2 k 2  + k p) — M(kp — k 2 ) ( 2 k 2  + k n f ) ^   ^ (2.7a)
(  )  2k^ f  +  khf to (2k„ f  + k'->')( 2kn + kS\ + 2to(k„ — kn \(k n — k„ f )nf +  k bf  to ( 2 k nf  +  k-2 ( 2k2 +  kp) +  2 w ( k p  k-2)(k2  knf
3
rv
to =
irP +  l .
(2.7b)
Here, k 2  is the thermal conductivity o f the interfacial shell and t  is the thickness o f the shell.
Prasher et al. [2] proposed a conduction-convection model Eq. (2.8). They considered 
convection as due to Brownian motion o f the nanoparticles and added it to the M axwell-Garnett 
conduction model:
21
k.
= ( 1 + A  R e m P r 0
k bf
( kp (1 +  2 a )  +  2 km) +  2 $ ( kp (1 — a )  — km)
( kp (1 +  2 a ) +  2 km) — $ (kp (1 — a ) — km)
(2 .8 a)
where the coefficient A = 4 x  1 0 4; m=2.5 ±  15% for water-based nanofluids, m=2.6 ±  15% for 
ethylene glycol based nanofluids and m=2.05 ±  15% for oil-based nanofluids and k  is the 
reciprocal o f nanoparticle Biot number. The thermal boundary resistance is Rb. The km, k , Rb and 
Re can be calculated by Eq. (2.8b)
k-m k bf 1 + ( i R e P r)
2Rhk.
d.
b m , R b( b f )  =  Pw * Rb( w ) a n d
PbfCVb f
1
R e = -
v
1QKT
nPpdp
where Rb (w) is 0.77x10 Km 2W  .
(2 .8b)
Jang and Choi [33] proposed a theoretical model Eq. (2.9) by considering the energy 
transfer due to the collision between particles and base fluid molecules. This results in enhanced 
thermal conductivity o f the fluid.
knf =  k bf (1 — ^ ) +  P±kp$  +
C±dbf
Pp
k bfR e 2dpP r $ (2.9)
Vajjha and Das [15] provided a new correlation to find the thermal conductivity o f ethylene 
glycol nanofluids. They improved the Koo and Klienstreuer model by finding the new function of 
temperature and particle size and p values for ethylene glycol nanofluids.
kp +  2 k bf — 2 ( k bf — kp)<p * n 4 o , ^
f  =  b -L ' I b M  ( b b ^  + 5 X 10  P$PbfCpbfkp +  2 k bf  +  ( k bf  — kp'jQ f
KT
Ppd}
■ f ( T ,  $ , e t c )
f (T , (p )  =  (2 .8217 X 1 0 - 2 (p — 3 .91123 X 10-3 ) ^^-) + (—3.0669 X 1 0 - 2 (p — 3.91123 X 10-3 )
\To)
(2 .1 0 a)
(2 .10b)
2.6 P rep a ra tio n  and  characteriza tion  of nanofluids
2.6.1 N anofluids sam ples
X
The nanofluids were procured from two different manufacturers (Alfa Aesar [34] and 
Nanostructured and Amorphous Materials, Inc. [35]). These manufacturers have developed
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effective surfactants/dispersants for several nanofluid suspensions. Different nanofluids purchased 
from them have shown stable suspensions and no significant settling was observed in the bottles. 
W e were unable to determine the different surfactants or dispersants the manufacturer employed 
as additives to stabilize the nanofluids, because this is proprietary information. In the study below, 
five types o f nanofluids, namely A hO 3, ZnO, CuO, SiO2 and TiO2 nanoparticles, were dispersed 
in PG/W. Pure laboratory grade propylene glycol was mixed with deionized water in the proportion 
o f 60 to 40 by mass using an electronic mass balance apparatus. The characteristics o f materials 
procured for our experiments are shown in Table 2.1.
2.7 U ltrasonication  of nanofluids
The sonication o f nanofluids was carried out in two stages. First, the bottle containing aqueous 
concentrated mother nanofluid as supplied by the vendor was sonicated, then subjected to 
ultrasonication in a Branson model 5510 Sonicator [36] under a frequency o f 40 kHz with a power 
o f 185 W. W e subjected the mother nanofluid (the original fluid from the manufacturer) to 
ultrasonication for three 2-hour sessions. The purpose o f the first stage o f ultrasonication was to 
break down the particles that had agglomerated due to long-term storage. The number o f sonication 
sessions depended on the degree o f sedimentation. Sonication was performed until careful visual 
examination showed a uniform dispersion o f nanoparticles in the liquid. In the second stage, 
measured volume o f samples from this concentrated mother fluid were pipetted into to a calculated 
mass o f pure laboratory grade PG  and de-ionized water in a test tube placed on a precise electronic 
mass balance in necessary proportions to prepare 0.5, 1, 2, 3, 4, and 6  % volumetric concentrations 
o f nanofluids in the 60:40 PG/W  solution.
2.8 P artic le  size m easurem ent
Just before measuring the thermal conductivity o f a sample o f each concentration, the test tube 
containing the fluid was sonicated by immersion in the bath for two hours to ensure a uniform 
dispersion o f nanoparticles in the suspension. In order to verify whether agglomerated particles 
were present in the sample prior to the thermal conductivity measurement, the sample was 
examined for particle size distribution under a transmission electron microscope (TEM). Figure
2.1 shows a TEM image o f one o f the A hO 3 nanofluid samples o f 0.5% volumetric concentration.
23
The particle size result for this nanofluid is consistent with the data provided by the vendor. Alfa 
A esar’s A hO 3 nanofluid came with a specification o f APS 45 nm. W e noticed from the TEM 
image that a majority o f nanoparticles fell near this average size, with a few smaller and a few 
larger particles, which should yield an overall average particle size o f 45 nm.
From similar TEM images o f the other four nanofluids containing A hO 3, ZnO, CuO, SiO2 
and TiO2 nanoparticles, no agglomeration was observed. This was due to: (a) the nanofluid 
manufacturers have developed successful surfactants or dispersants that are already present in 
these purchased nanofluids, making them stably suspended and free from agglomeration or 
coagulation; (b) the sonication o f the mother fluid before sample preparation followed by the 
second sonication o f the dilute sample ensured breaking off o f agglomerated particles, if  any.
2.9 P rincip le  of m easurem ent
Different methods have been established to measure the thermal conductivity o f nanofluids. The 
techniques that are commonly used to measure thermal conductivity are the transient hot wire 
technique, the thermal constants analyzer technique, the steady state parallel plate method, and the 
3to method. Das et al. [37], W illiams and Buongiorno et al. [14] and Paul et al. [38] explained the 
techniques and their use in measurement o f nanofluid thermal conductivity in detail. Our 
measurement technique is similar to the transient plane technique. The advantages o f this method 
are low sample volume, no direct contact with samples, and prevention o f convection in samples. 
The C-Therm thermal conductivity apparatus [39] has been used to measure the thermal 
conductivity o f nanofluids. It works using the following principle. The heat equation with a 
constant supply o f heat per sec per volume G ’ is given below
dT d 2T (2.11)
pC? T t —X -dx2 +  G
W ith the assumption o f two semi-infinite media in contact, heat generated at the interface 
at a constant rate per unit area per unit time. A further assumption is that the effusivity sensor 
represents one medium and the other medium is the tested material. They are both at the same 
temperature and in equilibrium. The solutions for Eq. (2.11) are provided by equations (2.12) and 
(2.13):
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2 G j t  Ixl (2 .1 2 )
AT1 (x, t )  —--------- i e r f c  — ----- , f o r  x  <  0 , t  >  01V J e1 +  e2 J 2 j a i t  J
2 G j t  Ixl (2.13)
AT1 (x, t )  —-------- i e r f c  — -----, f o r  x  >  0 , t  >  0
1K J e1 +  e2 1 2 ^ a 2 t 1
where A T  is the change in sensor surface temperature, G is the heat flux supplied to the 
sensor (W /m2), t  is the time measured from start o f process, e 1 and  e 2 are the equivalent effusivity
o f the sensor and material, respectively, (~ ^ ~ ) ,  a 1 and  a 2 are the equivalent diffusivity o f the
'W^2
sensor and material, ( ~ ), ^ 1 and  X2 are the thermal conductivity o f the sensor and material,
W Kg
respectively ( ~ ) ,  Pt. and  p 2 are the equivalent density o f the sensor and material (— ), and Cp1 
and Cp2 are the specific heats o f the sensor and material ( K^ K) ,  respectively.
Using the above solution, the instrument measures the increase in temperature o f the 
sample for a fixed amount o f heat flux at the interface plane. Using the measured values of 
temperature increase and heat flux given to testing sample, instrument measures the thermal 
conductivity o f the sample. This process o f measurement is further explained by C-Therm 
Technologies [39].
2.10 P rocedure
A schematic diagram of the thermal conductivity measurement setup is shown in Figure 2.2. The 
figure shows a thermal conductivity sensor, which is used to measure the thermal conductivity of 
nanofluid samples. The sensor is placed in a thermal chamber in which the temperature o f the 
nanofluid is varied. The sensor is connected to a data acquisition system, which corresponds with 
it in recording temperature and measuring thermal conductivity o f nanofluid samples. The data 
acquisition system is connected to a computer. The data acquired from measurements is stored in 
the computer. Using this experimental setup, we are able to measure thermal conductivity of 
propylene glycol nanofluids in a temperature range between 243K (-30 °C) to 363K (90 °C). This 
helped us study the behavior o f nanofluids at low temperatures, which has not been studied 
previously.
The experiment starts with sonicating the sample for 2 hours before starting the 
experiments placed in the volume cell o f the sensor. This cell holds a small volume o f nanofluid
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right on top o f the sensor. The volume cell has a lid that covers the volume cell and prevents 
outside air from entering the volume cell. The sensor is placed inside a thermal chamber where the 
ambient temperature is varied. The thermal chamber is set to reach a temperature o f 243K (-30 °C) 
in 1 hour. The sensor is kept at 243K for half an hour to reach temperature stability before the 
measurement was started. An average o f 7 readings were taken for every measurement. For the 
next temperature measurement point, the chamber is made to reach a temperature difference of 
10°C in half an hour. The measurement process is then repeated again. Measurements were taken 
at temperature increments o f 10 °C. The measurements were taken between 243K (-30 °C) and 
363K (90 °C). The experiments were performed on five different nanoparticles, A hO 3, ZnO, CuO, 
SiO2 and TiO2 with volume concentrations varying from 0.5% to 6 %. W ith these experiments, we 
studied the effect o f different material nanoparticles, temperature, volume concentration, and 
particle size on thermal conductivity o f 60:40 PG/W.
2.11 Results and  discussion
2.11.1 B enchm ark  test case
Before using the apparatus for measuring the thermal conductivity o f nanofluids, a benchmark test 
was performed with water and 60:40 PG/W, whose thermal conductivities are accurately known. 
Figure 2.3 compares the measured thermal conductivity and the values from Bejan [40] and 
ASHRAE [1] for water and 60:40 PG/W, respectively. The measured values showed a maximum 
deviation o f 2.1% at 284 K for water and a maximum deviation o f 3.6% at 242 K for 60:40 PG/W 
compared to the data from Bejan and ASHRAE, respectively. The base fluid thermal conductivity 
(kbf) equation derived for 60:40 PG/W  using ASHRAE data has been used in all subsequent 
calculations.
2 .1 1 .2  Al2O3 nanofluid
Thermal conductivity measurements were taken for three different diameters (15nm, 20nm, 45nm) 
o f Al2O3 nanoparticles dispersed in 60:40 PG/W  with a temperature range o f 242K (-30°C) to 
363K (90°C). The volumetric concentration varied for each diameter (15nm, 20nm, 45nm) from 
0.5% to 2%, 0.5% to 4%, and 0.5% to 6 %, respectively. Figures 2.4-2.6 show the thermal 
conductivity o f these nanofluids as a function o f temperature.
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Figure 2.4 shows the thermal conductivity values o f a 15nm A hO 3 nanofluid. At lower 
temperatures (242K), a 0.5% volume concentration showed 2% enhancement, and at 363K it 
showed 3.3% enhancement with 60:40 PG/W. The 2% volume concentration nanofluid at 242K 
showed 8 % enhancement, and at 363K it showed 10.5% enhancement.
Figure 2.5 shows the thermal conductivity values o f 20nm A hO 3 nanofluid. The higher 
volume concentration showed better thermal conductivity enhancement. A t lower temperatures 
242K, the 0.5% volume concentration showed 2% enhancement, and at 363K it showed 4.3% 
enhancement with 60:40 PG/W. The 4% volume concentration nanofluid at 242K showed 4.4% 
enhancement, and at 363K it showed 7.3% enhancement.
Figure 2.6 shows the thermal conductivity values o f 45nm A hO 3 nanofluid. The higher 
volume concentration showed greater thermal conductivity enhancement. At lower temperatures 
242K, the 0.5% volume concentration showed 3.6% enhancement, and at 363K it showed 4.8% 
enhancement with 60:40 PG/W. The 6 % volume concentration nanofluid showed 8.3% 
enhancement at 242K and 12.2% enhancement at 363K. From the figures shown above, the 
thermal conductivity is strongly affected by temperature, concentration and particle size. W e see 
that the thermal conductivity o f Al2O3 is directly related to temperature and concentration. These 
results prove that the thermal conductivity o f 60:40 PG/W  A hO 3 nanofluids increases with 
temperature and volume concentration.
2.11.3 Z nO  nanofluid
Thermal conductivity measurements were taken for three different diameters (36nm, 50nm, 76nm) 
o f ZnO nanoparticles dispersed in 60:40 PG/W  with a temperature range o f 242K (-30 °C) to 363K 
(90 °C). The volumetric concentration varied for each diameter (36nm, 50nm, 76nm) from 0.5% 
to 2%, 0.5% to 4%, and 0.5% to 6 %, respectively. Figures 2.7-2.9 show the thermal conductivity 
o f these nanofluids as a function o f temperature.
Figure 2.7 shows the thermal conductivity values o f the 36nm ZnO nanofluid with volume 
concentrations from 0.5% to 4%. The measured temperature range is between 242K (-30 °C) and 
363K (90°C). The higher volume concentrations showed greater thermal conductivity 
enhancement. At lower temperatures 242K, 0.5% volume concentration showed 1.6%
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enhancement, and at 363K it showed 2.34% enhancement with 60:40 PG/W. The 4% volume 
concentration nanofluid showed 9.6% enhancement at 242K and 10.57% enhancement at 363K.
Figure 2.8 shows the thermal conductivity values o f the 50nm ZnO nanofluid with volume 
concentrations from 0.5% to 6 %. The measured temperature range is between 242K (-30 °C) and 
363K (90 °C). The higher volume concentrations showed greater thermal conductivity 
enhancement. At lower temperatures 242K, 0.5% volume concentration showed 2.3% 
enhancement, and at 363K it showed 3.7% enhancement with 60:40 PG/W. The 6 % volume 
concentration nanofluid showed 15.86% enhancement at 242K and 17.19% enhancement at 363K.
Figure 2.9 shows the thermal conductivity values o f 76nm ZnO nanofluid with volume 
concentrations from 0.5% to 6 %. The measured temperature range is between 242K (-30°C) and 
363K (90°C). The higher volume concentration showed greater thermal conductivity enhancement. 
At lower temperatures 242K, the 0.5% volume concentration showed 4.3% enhancement, and at 
363K it showed 6 % enhancement with 60:40 PG/W. The 6 % volume concentration nanofluid 
showed 17.3% enhancement at 242K and 21.36% enhancement at 363K. From the figures shown 
above, the thermal conductivity is strongly affected by temperature, concentration and particle 
size. W e see that the thermal conductivity o f ZnO is directly related to temperature and 
concentration. These results prove that thermal conductivity o f 60:40 PG/W  ZnO nanofluids 
increases with temperature and volume concentration.
2.11.4 C uO  nanofluid
Figure 2.10 shows the thermal conductivity measurements o f CuO nanofluid with temperature. 
This figure explains the effect o f volume concentration and temperature on the thermal 
conductivity o f CuO nanofluids. After observing these results, it was found that the thermal 
conductivity increases with temperature and volume concentration.
Figure 2.10 shows the thermal conductivity values o f CuO nanofluid with volume 
concentrations from 0.5% to 6 %. The measured temperature range is between 242K (-30 °C) and 
363K (90 C). The higher volume concentration showed greater thermal conductivity 
enhancement. The 0.5% volume concentration showed 2.3% enhancement at 242K and 4.4%
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enhancement at 363K with 60:40 PG/W. The 6 % volume concentration nanofluid showed 12.5% 
enhancement at 242K and 15.6% enhancement at 363K.
2.11.5 SiO2 nanofluid
Figure 2.11 shows the thermal conductivity measurements o f SiO2 nanofluid with temperature. 
This figure explains the effect o f volume concentration and temperature on the thermal 
conductivity o f SiO2 nanofluids. After observing these results it was found that the thermal 
conductivity increases with temperature and volume concentration. Figure 2.11 shows the thermal 
conductivity values o f SiO2 nanofluid with volume concentrations from 0.5% to 5%. The measured 
temperature range is between 242K (-30°C) and 363K (90°C). The higher volume concentrations 
showed greater thermal conductivity enhancement. The 0.5% volume concentration showed no 
enhancement with temperature. The 6 % volume concentration nanofluid showed 4.7% 
enhancement at 242K and 7.2% enhancement at 363K.
2 .1 1 .6  T iO 2 nanoflu id
Figure 2.12 shows the thermal conductivity measurements o f TiO2 nanofluids with temperature. 
This figure explains the effect o f volume concentration and temperature on thermal conductivity 
o f TiO2 nanofluids. After observing these results it was found that the thermal conductivity 
increases with temperature and volume concentration.
Figure 2.12 shows the thermal conductivity values o f TiO2 nanofluids with volume 
concentrations from 0.5% to 1.5%. The measured temperature range is between 242K (-30°C) and 
363K (90°C). The higher volume concentrations showed greater thermal conductivity 
enhancement. The 0.5% volume concentration showed 1% enhancement at 242K and 3.56% 
enhancement at 363K with 60:40 PG/W. The 1.5% volume concentration nanofluid showed 4.7% 
enhancement at 242K and 7.3% enhancement at 363K.
2.11.7 P artic le  size effect
The effect o f particle size on thermal conductivity enhancement has been studied for A l2O3 and 
ZnO nanofluids. Three different particle sizes have been studied for both nanofluids. The
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enhancement seems to be better with increasing particle size. The same trend was observed by 
Shima et al. [20] and Fang et al. [22] for other nanofluids.
Figure 2.13 shows the variation o f thermal conductivity o f A hO 3 nanofluids with different 
particle sizes for the same volume concentration and varying temperatures. The results show that 
Al2O3 nanofluid thermal conductivity enhancement increases with increasing particle size. For the 
same volume concentration, the higher particle sizes yielded greater thermal conductivity 
enhancement than the lower particle sizes.
Figure 2.14 shows the thermal conductivity enhancement o f ZnO nanofluids o f different 
particle sizes with varying temperatures. The observed results were similar to those o f A l2O3 
nanofluids. In ZnO nanofluids, the higher particle sizes showed greater enhancement than smaller 
ones for the same volume concentration.
2.11.8 T herm al conductivity  correlation
After experimentally determining the thermal conductivities o f five nanofluids, it was attempted 
to select a correlation, which will be suitable for all o f them. As described in the introduction, there 
are a number o f models available to predict the thermal conductivity o f nanofluids. The drawback 
o f these models is that they are not general enough to be valid for several nanofluids. Researchers 
are still trying to find a single correlation that works for all nanofluids, but it does not seem possible 
at present. W e compared our experimental data with the existing models to find out, if  any o f them 
satisfy our experimental data o f PG/W  nanofluids. Figure 2.15 compares the thermal conductivity 
o f 6 % A hO 3 (45nm) nanofluid experimental values with several existing models. The Hamilton- 
Crosser model, Eq. (2.2), and Xuan et al. model, Eq. (2.5), predict almost similar values, because 
the second term o f Eq. (2.5) is very small. Except the model o f Prasher et al. [2], other theories fail 
to match our experimental results. Prasher et al. had proposed m=2.5 ±  15% for water-based 
nanofluids, m=1.6 ±  15% for ethylene glycol-based and m=1.05 ±  15% for oil-based nanofluids. 
No m value for propylene glycol-based nanofluids was available. Therefore we attempted with a 
value o f m=2.5 as shown in Figure 2.15, and found the model matches the data well at 363K but 
not at 243K. Therefore, the m value can be optimized by statistical analysis o f 600 data points to 
get a better agreement. W e performed statistical analysis using Minitab [41] to arrive at an
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optimum value o f m which will yield better best agreement for propylene glycol nanofluids. Some 
positive aspects o f Prasher et al. model are: it contains the particle Reynolds number due to the 
Brownian velocity, Prandtl number, Biot number and Maxwell type mixture property. Therefore, 
we believe this model has the necessary physics built into it. Our statistical analysis focused on 
determining the optimum value o f the constant m in Eq. (2.8a) for five different propylene glycol 
based nanofluids. The results o f these analyses are summarized in Table 2.2.
Our experimental results comprised o f 600 data points derived from five different 
nanoparticles with various particle sizes, volumetric concentrations and PG/W  base fluid. The 
parameter m changes with different types o f nanofluids. Our objective was to derive a common m 
value that predicts thermal conductivity o f all five propylene glycol nanofluids. The Minitab 
statistical software gave a value (m = 2.698) that works for all propylene glycol nanofluids tested 
in our experiments within the deviation summarized in Table 2.2. Figure 2.16 shows the 
comparison between our experimental results and model predictions with m = 2.698. The plot 
shows good agreement between the experimental data and model prediction within the bounds 
summarized in Table 2.2. The correlation is valid in the range: 15 nm < dp < 76 nm, 0.005 < 0  < 
0.06, and 243 K < T < 363 K.
2.12 Conclusions
From a set o f carefully conducted experiments, the thermal conductivities o f five propylene glycol 
water based nanofluids were measured over a temperature range o f 243K -363K  for various 
nanoparticles and volumetric concentrations. The results showed an increase in thermal 
conductivity o f nanofluids with increasing concentration and temperature. As the nanoparticles 
diameter increased, the thermal conductivity increased. It was noticed that several correlations did 
not capture the thermal conductivity variations with temperature and concentration properly. The 
reason for this is that models are usually developed without considering large experimental data 
sets. The model presented by Prasher et al. [2] proved effective. This model was refined using a 
broader set o f experimental data, which provided a new correlation constant m for 60:40 PG/W 
based nanofluids. W ith this new value o f m = 2.698, Eq. (2.8a) gives accurate predictions of 
thermal conductivity o f different PG/W  nanofluids over a wide range o f concentration, temperature 
and particle sizes. Since the nanofluids exhibit enhanced thermal conductivity with increasing
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temperature, it is concluded that their application in higher temperature environments will be more 
beneficial.
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2.14 N om enclature
dp Nanoparticle diameter (m)
cp Specific heat (J kg-1 K-1)
k Thermal conductivity (W m -1 K-1)
m Empirical constant for different nanofluids
Pr Prandtl number
Rb Thermal boundary resistance (m-2KW -1)
Re Brownian Reynolds number
T Temperature (K)
T0 Reference temperature (273 K)
PG/W Propylene glycol and water mixture
G reek  symbols
a Reciprocal o f particle Biot number
K Boltzmann constant 1.381 x 10-23 (J K -1)
V Viscosity (kg m-1s-1)
V Kinematic viscosity (m2 s-1)
P Density (kg m -3)
0 Particle volumetric concentration %
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Subscrip ts
b f Base fluid
n f Nanofluid
p Nanoparticle
w W ater
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Figure 2.2. Schematic diagram of experimental setup o f thermal conductivity measurement.
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Figure 2.3. Benchmark test results o f reference fluids.
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Figure 2.4. Measured thermal conductivity o f 15nm A kO 3 nanofluids with varying temperature
and concentration.
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Figure 2.5. Thermal conductivity measurement o f 20nm A hO 3 nanofluid with varying
temperature and concentration.
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Figure 2.6. Measured thermal conductivity o f  45nm A hO 3 nanofluid with varying temperature
and concentration.
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Figure 2.7. Measured thermal conductivity o f 36nm ZnO nanofluids with varying temperature and
concentration.
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Figure 2.8. Measured thermal conductivity o f 50nm ZnO Nanofluids with varying temperature
and concentration.
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Figure 2.9. Measured thermal conductivity o f 76nm ZnO nanofluids with varying temperature and
concentration.
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Figure 2.10. Measured thermal conductivity o f 30nm CuO nanofluids varying with varying
temperature and concentration.
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Figure 2.11. Measured thermal conductivity o f 30 nm SiO2 nanofluids with varying temperature
and concentration.
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Figure 2.12. Measured thermal conductivity o f 15 nm TiO2 nanofluids with varying temperature
and concentration.
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Figure 2.13. Effect o f particle size on thermal conductivity o f A hO 3 nanofluids.
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Figure 2.14. Effect o f particle size on thermal conductivity o f ZnO nanofluids.
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Figure 2.15. Comparison o f experimental data with existing models.
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Figure 2.16. Comparison o f experimental values with theoretical model with m = 2.698
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Table 2.1. Material characteristics o f nanofluids used in the present experiments
M anufacturer Material
Particle size 
(nm)
Particle
Density
Parent nanofluid 
concentration wt
(g/cc) % in H 2O
Alfa Aesar AhO3 20 3.6 30
Alfa Aesar AhO3 45 3.6 50
Nanostructured and 
Amorphous Materials, 
Inc.
AhO3 15 3.6 15
Nanostructured and 
Amorphous Materials, 
Inc.
SiO2 30 2.41 25
Alfa Aesar ZnO 36 5.6 40
Alfa Aesar ZnO 50 5.6 50
Alfa Aesar ZnO 76 5.6 50
Alfa Aesar CuO 30 6.31 50
Nanostructured and 
Amorphous Materials, 
Inc.
TiO2 15 4.23 15
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Table 2.2. Statistical results o f the analysis with optimum value o f m=2.698.
Max Deviation Max Deviation Avg. Abs. Deviation
Exp-Theory Exp-Theory
1 0 0
(%)
Exp-Theory
J *
Nanoparticles Exp
1 0 0
(+) (%)
Exp
1 0 0
(-) (%)
Exp J * R2
AhO3 4.808 0.018 4.388 0.923
ZnO 1.144 8.103 2.208 0.971
CuO 4.622 0.018 1.152 0.978
SiO2 2.893 0.042 0.929 0.982
TiO2 5.632 0.010 2.768 0.959
Summary for all 5.632 -8.103 1.79 0.925
data points
(N=600)
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Chapter 3 Specific Heat Measurements of Five Different Propylene Glycol 
Based Nanofluids and Development of a New Correlation1
3.1 A bstrac t
This paper presents the specific heat measurements o f five different nanofluids containing 
aluminum oxide (A hO 3), zinc oxide (ZnO), copper oxide (CuO), titanium oxide (TiO2), and silicon 
dioxide (SiO2) nanoparticles dispersed in a base fluid o f 60% propylene glycol and 40% water by 
mass (60:40 PG/W). The measurements were carried out over a temperature range o f -30 to 90 °C, 
for nanoparticle volumetric concentrations o f 0.5 to 6 %, and for average particle sizes ranging 
from 15 to 76 nm to evaluate their effects on the specific heat. From comparison, it was found that 
the existing specific heat correlations were not able to predict the measured experimental values. 
Therefore, a new correlation was developed to predict the specific heat o f measured nanofluids. 
This new correlation is in good agreement with 610 experimental data points o f the five nanofluids 
with a maximum deviation o f -5% exhibited by the A hO 3 nanofluid and an average deviation o f - 
0.094% for all five nanofluids.
3.2 In troduction
Nanofluids have become a topic o f interest for improving heat transfer performance related to 
energy savings. Therefore, researchers have been investigating the various thermophysical 
properties o f nanofluids. M ost o f the researchers gave attention to the thermal conductivity and 
viscosity properties. However, specific heat (Cp) is also a vital characteristic o f nanofluids, but 
currently very limited literature is available on the specific heat o f nanofluids. Even less is 
available for propylene glycol based nanofluids, which prompted our study. Mixtures o f glycol 
and water are commonly used in cold regions for heating and cooling applications. The addition 
o f ethylene or propylene glycol to water depresses the freezing point o f the mixture but also 
decreases its thermal conductivity. Due to ethylene glycol’s toxicity, it is not used in residential
1 Satti, J. R, Das, D. K. and Ray, D, “Specific Heat Measurements of Five Different Propylene Glycol Based 
Nanofluids and Development of a New Correlation ," accepted by International Journal of Heat and Mass Transfer..
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facilities, where there is a chance o f the mixing o f this fluid with potable water. Therefore, the 
non-toxic, propylene glycol is preferred. A mixture o f 60% propylene glycol and 40% water (60:40 
PG/W ) by mass is most commonly used in subarctic climate, which has the lowest freezing 
temperature (-51.1 0C) [1] among glycol and w ater mixtures. One o f the drawbacks with using 
PG/W  is its low thermal conductivity when compared to pure water. This can be overcome by 
dispersing high thermal conductivity nanoparticles in PG/W  to increase the thermal conductivity 
o f the fluid. The addition o f particles changes the specific heat, so we have conducted specific heat 
measurements o f 60:40 PG/W  based nanofluids with various nanoparticles, e.g., A hO 3, ZnO, CuO, 
SiO2 and TiO2. The particle volumetric concentrations were varied from 0.5 to 6 % and the 
temperature ranged from 243K (-30°C) to 363K (90°C). The objective o f this study was to measure 
the specific heats o f PG/W  based nanofluids and analyze the data for dependence on various 
parameters. Next, then compare the measured data with available theory. If  the agreement was not 
good, then develop a correlation to calculate specific heat o f PG/W  based nanofluids, as a function 
o f temperature, volumetric concentration, particle size, density and specific heat and the base fluid 
density and specific heat.
3.3 Im portance  of accu ra te  specific heat m easurem ent
Basic heat transfer equations presented by Bejan [2] show that an accurate value o f the specific 
heat is essential for determining total heat transfer rate q ,  heat exchanger effectiveness e ,  Nusselt 
number Nu and the thermal diffusivity a .  These equations Eq. (3.1-3.4) summarized below show 
that they all depend on the specific heat.
q m  • Cp • AT £ • Cmin • (Tiot inie  ^ Tcoi  ^iniet)
1 -  e x p ( - N T U  (1 -  C*))
(3.1)
£  =
1 -  C  * e x p ( N  -  T U  (1 -  C*)) (3 .2 )
r
where C* =  - 2 ^ ,  c  =  mc„,  Cmin is the  s m a l le r  o f  C , a nd  NTU =  UA/Cn
Cmax
Nu =  0.023 * R e 08 * P r 0A ( tu rb u l e n t  f l o w )
where Pr  =  - —k
k
Diffusivity a  =
(3.3)
(3.3)
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An analysis was performed examining the influence o f specific heat on the thermal and fluid 
dynamic performance o f the fluid in a counter flow concentric tube heat exchanger. Using the e- 
N TU method outlined by Kays and London [3] and the Eq. (3.1-3.3), an analysis was performed 
with varying specific heat o f the cooler fluid to can examine how it affects the Prandtl number, 
Nusselt number, heat transfer coefficient, overall heat transfer coefficient, heat transfer rate, NTU, 
effectiveness, and temperature difference. The parameters used in this analysis are outlined in 
Table . The values o f the parameters taken where mirrored after a small heat exchanger 
manufactured by P.A. Hilton [4]. The enhancement o f the various parameters is calculated using 
Eq. 3.3
Enhanced — Norm al
P aram eter %  = ------------------- ----------------------------- (3.3)
N o r m a l
The ‘N orm al’ variable refers to the parameter calculated with water, while the ‘Enhanced” 
variable refers to the calculated parameter with some increase in specific heat. The effects of 
specific heat on various parameters are shown in table 3.1. First, note the Prandtl number, Nusselt 
number, heat transfer coefficient and heat transfer rate parameters uses the left axis, while the 
NTU, effectiveness, and temperature difference o f cooler fluid parameters uses the right axis. 
From the figure, we can see most o f the parameters show a fairly linear relationship. The Prandtl 
number shows a one to one relationship with specific heat. Nusselt number and heat transfer 
coefficient show a less dependent relationship with specific heat. This is due to the Prandtl number 
being raised to 0.4. As shown in the figure we can see if  specific heat could be increased by 29%, 
then Nusselt number and heat transfer coefficient would both increase by 10.7%. Overall heat 
transfer coefficient showed least dependence o f specific heat than any o f the other parameters as 
seen when specific heat increases by 29% the overall heat transfer coefficient only increases by 
7.5%. This could be due to overall heat transfer coefficient enhancement is also dependent on the 
heat transfer area and heat transfer coefficients on both sides o f the heat exchanger. The NTU 
parameter shows to decrease with increasing specific heat this is due to the C  (which is usually
the cooler fluid) increases equally to increasing specific heat. The decrease o f NTU effects 
effectiveness and temperature difference o f the cooler fluid. Even though the temperature 
difference o f the cooler fluid decreases the heat transfer rate increases as seen when specific heat 
increases by 29% the heat transfer rate increases by 8.4%. However, there is a void in the 
knowledge regarding the specific heat o f PG/W  based nanofluids in the present literature
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discussion about the previous theoretical and experimental research was provided in the following 
sections.
3.4 Previous w ork
3.4.1 Theoretical studies
Pak and Cho [5] were one o f the first to propose a correlation, Eq. (3.6), for the specific heat of 
nanofluid in 1998, based on a mixture o f liquid and particle.
CPnf =  — <P)Cpbf +  $ C p np (3 3 )
where C p  is the specific heat, 0  is the volumetric concentration o f nanoparticles, the subscripts b f
represents base fluid, n p  the nanoparticles, and n f  the nanofluid. This equation does not satisfy the
conservation o f energy principle. Therefore, Xuan and Roetzel [6 ] modified Eq. (3.6) based on
conservation o f energy o f both particles and fluid, assuming thermal equilibrium between two
phases.
m nfCpnf i  AT) =  m b f Cpb f (AT) +  m npCpnp(AT)  (3 4 )
which can be simplified to
(3.5)
PnfCPnf =  (1 — <P)PbfCPhf +  QPnpCPnp V ' '
where the nanofluid density is given by the mixture theory:
Pnf Q^Pbf + $Pnp ( )
3.4.2 E xperim ental studies
O ’Hanley et al. [7] measured specific heat o f water and ethylene glycol based nanofluids with Si, 
Al, and Cu nanoparticles using digital scanning calorimeter (DSC). Their results were compared 
with Pak and Cho’s correlation Eq. (3.6) and Xuan and Roetzel’s correlation (3.7b). They found 
the deviation o f data to be significantly greater with Eq. (3.6) than Eq. (3.7b). The maximum 
deviation o f 7% was reported using Eq. (3.6). Vajjha and Das [8 ] measured the specific heat of 
A hO 3 and ZnO nanoparticles suspended in 60:40 EG/W  and SiO2 in water. They found the 
measured data was not in good agreement with the existing correlations Eq. (3.6) and Eq. (3.7b).
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Therefore, they developed a new correlation Eq. (3.9) for the specific heat o f nanofluids as a 
function o f temperature, volumetric concentration and the specific heat o f the base fluid. This 
correlation predicted the specific heat values o f each nanofluid within an error o f 2.7%.
(3.7)
C +  cp
Here, A, B, C were curve-fit coefficients given in Ref. [8]. This correlation was valid for a volume 
concentration up to 10% and temperature range o f 315 -  363 K for the nanofluids they tested. 
Vajjha and Das [9] updated the previous correlation, Eq. (3.9) by adding the data o f CuO, 60:40 
EG/W  nanofluids and nondimensionalized the temperature term with a reference temperature To 
= 273K to make the correlation dimensionally homogenous and expressed it as Eq. (3.10).
where Ai, Bi, and Ci are 0.243, 0.517, and 0.425 for A hO 3 nanofluid; 0.482, 1.193, and 0.802 for 
SiO2 nanofluid; and 0.125, 0.985, and 0.299 for ZnO nanofluid, respectively. The measurements 
made by Vajjha and Das [8, 9] was with a laboratory-made apparatus, which was limited to 
measurements only in the positive temperature range, usually above 315K (42°C). It was not 
capable o f the property measurement in the negative (below 0°C) range o f temperature.
3.4.3 V olum etric concen tration  effect
The volumetric concentration was found to play a vital role in predicting thermophysical properties 
o f the nanofluids. Research showed specific heat o f nanofluid decreased with an increase in 
volume concentration o f nanofluid. This is as expected since the specific heat o f a metal or 
oxidized metal has a lower specific heat than a liquid. Kulkarni et al. [10] observed that specific 
heat o f A hO 3 nanofluid decreased from 4.84% to 16.14% for a volume concentration between 2 
to 6% of nanoparticle concentration. Namburu et al. [11] measured the specific heat o f silicon 
dioxide nanoparticles suspended in 60:40 EG/W  with varying concentrations between 2 to 10% 
for different particle sizes. It was only at one temperature o f 50°C. They found the specific heat of
(3.8)
CPbf Ci +  0
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SiO2 nanofluid decreased with an increase in volumetric concentration. For a 10% volumetric 
concentration, they found 1 2 % decrease in specific heat o f nanofluid in comparison with the base 
fluid. Bergman [12] measured the specific heat o f A hO 3 -  water and A hO 3 -  HFE 7100 nanofluids 
and found specific heat decreased with an increase in volume concentration. Pantzali et al. [13] 
also measured the specific heat o f A hO 3 -  water nanofluids with varying volumetric concentration 
between 2 to 8 %. They found a 20% decrease in specific heat with 8 % volume concentration 
compared with the base fluid. Sonawane et al. [14] performed experiments by dispersing the A hO 3 
nanoparticles in aviation turbine fuel to measure the thermophysical properties o f the colloid and 
evaluate the heat transfer capability o f the nanofluid. They measured specific heat using an in ­
house apparatus at low volume concentrations between 0 to 1%. They found that there was no 
significant difference in measured specific heat with volume concentration. Shin and Benerjee [15] 
measured specific heat o f eutectic salt nanofluids. They dispersed A hO 3 nanoparticles in eutectic 
salt. The measurements were performed by using a DSC. They reported for a 1% mass 
concentration o f mixture yielded a 32% enhancement in base fluid specific heat, at 495 0C.
3.4.4 T em p era tu re  effect
Along with volumetric concentration, the temperature also influences the specific heat of 
nanofluids. Only a few researchers have performed experiments at higher temperatures, most 
conducted the measurements at room temperature. Robertis et al. [16] measured the effect of 
temperature on specific heat o f nanofluids using modulated DSC. They found that as the 
temperature increased the specific heat o f Cu-EG nanofluid decreased. Ho and Pan [17] performed 
experiments to find the optimum volume concentration o f Al2O3 nanoparticles which gave 
maximum enhancement o f specific heat o f molten hitec salt. They studied the effect o f temperature 
in the range o f 200-350°C on the specific heat o f hitec salt nanofluid. They found for a weight 
concentration o f 0.016% the nanofluid yielded 20% enhancement in specific heat. They also found 
the specific heat o f nanofluid was decreasing with increase in particle concentration. They reported 
a 2% concentration yielded 4% decrease in specific heat. Shin and Benerjee [18] found a specific 
heat enhancement o f 14% for 1% silica concentration suspended in alkali metal chloride salt 
eutectic solution at 500 0C. They also found that the specific heat o f nanofluid also decreased with 
an increase in temperature. Vajjha and Das [9] performed experiments with A hO 3 and ZnO 
nanoparticles suspended in 60:40 EG/W  and SiO2 nanoparticles suspended in deionized w ater to
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measure specific heat in a temperature range o f 315 to 360 K. They found the specific heat of 
nanofluid decreased with an increase in volumetric concentration and it increased with an increase 
in temperature, but the value o f specific heat o f nanofluid was still below the base fluid value.
Therefore from the previous research, we can conclude that specific heat of 
nanofluid is a function o f the volumetric concentration, temperature, and properties o f nanoparticle 
and base fluid. Specific heat o f nanofluids generally decreases with an increase in volume 
concentration and increases with an increase in temperature. Therefore, our present goal was to 
study the effect o f above-mentioned parameters on specific heat o f 60:40 PG/W  nanofluids, 
especially in the negative temperature range for cold weather applications. Then compare the data 
with available correlations and if  the comparisons show inadequate agreement, then develop a new 
correlation.
3.5 P rep a ra tio n  and  characterization  of nanofluids
3.5.1 N anofluids sam ples p rep ara tio n
The nanofluids were procured from two different manufacturers. They are Alfa Aesar [19] and 
Nanostructured Amorphous Materials [20]. These manufacturers have developed effective 
surfactants/dispersants for several nanofluid suspensions. Different nanofluids purchased from 
them have shown stable suspensions and no significant settling was observed during a short-term 
storage. The different surfactants or dispersants employed by the manufacturers to stabilize the 
nanofluids were proprietary information. In the study, five types o f nanoparticles A hO 3, SiO2, 
ZnO, CuO and TiO2, dispersed in 60:40 PG/W  were used. Pure laboratory grade propylene glycol 
was mixed with deionized w ater in the proportion o f 60 to 40 by mass using an electronic mass 
balance scale. The characteristics o f nanoparticles procured for our experiments are tabulated in 
Table 3.2.
3.5.2 U ltrasonication  of nanofluids
The sonication o f nanofluids was carried out in two stages. First, the glass bottle containing 
aqueous concentrated mother nanofluid as supplied by the vendor was sonicated. It was subjected 
to ultrasonication in a Branson model 5510 Sonicator [22] under a frequency o f 40 kHz with a
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power o f 185 W. The ultrasonication bath was filled with water up to the designated operating 
level. Then the water was degassed for 5 min for removal o f dissolved gases following the 
recommendation o f the manufacturer. The mother nanofluid was contained in a glass bottle (plastic 
bottle deformed), with a gasketed screwed cap to prevent escapement o f w ater vapor, so that the 
concentration remained constant. W e subjected the mother nanofluid to ultrasonication for at least 
three sessions, each o f 2 -hour duration followed by a brief cooling period to prevent overheating. 
The purpose o f the first stage ultrasonication was to break down the particles that have 
agglomerated due to long-term storage. The number o f sonication sessions may depend on the 
degree o f sedimentation. Sonication must continue until the liquid volume show a uniform 
dispersion o f nanoparticles by careful visual examination. In the next step, a measured sample 
from this concentrated mother fluid was taken by a pipette and added to calculated mass o f pure 
laboratory grade PG  and de-ionized water o f necessary proportions in a test tube placed on a 
precise electronic mass balance to prepare 0.5, 1, 2, 3, 4, and 6  %volumetric concentrations of 
nanofluids in the 60:40 PG/W  solution. Just before measuring the specific heat o f a sample o f each 
concentration, the test tube containing the sample nanofluid was sonicated by immersing it in the 
bath for two hours to ensure a uniform dispersion o f nanoparticles in the suspension.
3.6 P artic le  size m easurem ent
In order to verify whether agglomerated particles were present in the sample prior to the specific 
heat measurement, the sample was examined for particle size distribution under transmission 
electron microscope (TEM). Figure shows the TEM image o f one o f the ZnO nanofluid samples 
o f 0.5% volumetric concentration. The particle size result for this nanofluid is consistent with the 
data provided by the vendor. Alfa Aesar’s ZnO nanofluid came with a specification o f APS 50 nm. 
W e noticed from the TEM image that majority o f nanoparticles fell near this average size (36 and 
65nm), with some smaller in size. From the distribution it appeared that the combination o f larger 
and smaller particles should yield an overall average particle size o f 50 nm. The ZnO nanoparticles 
show rod-like shape, whereas A l2O3 and TiO2 nanoparticles showed spherical shape.
From similar TEM images o f other four nanofluids, containing A hO 3, CuO, TiO2 and SiO2 
nanoparticles, no agglomeration was observed. It is due to two effects: (a) the nanofluid 
manufacturers have developed successful surfactant or dispersant that is already present in these
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nanofluids, making them stably suspended and free from agglomeration or coagulation. (b) 
Secondly, the sonication o f the parent concentrated nanofluids before sample preparation followed 
by the second stage sonication o f the dilute sample prior to the specific heat measurements, ensured 
breaking off o f agglomerated particles, if  any.
3.6.1 Princip le of specific heat m easurem ent
In the present study, a C-Therm TCi thermal property analyzer [23] apparatus was used to measure 
the specific heat o f nanofluids. The principle used in this apparatus is based on the transient plane 
source method. The C-Therm system has a sensor, control electronics and computer software. The 
spiral sensor element applies a momentary, constant heat source to the nanofluid sample. The 
temperature rise induces a change in the voltage drop o f the sensor element. The thermophysical 
properties o f nanofluid are inversely proportional to the sensor voltage. The TCi system measures 
both thermal conductivity k  and effusivity e  directly. Using these two values the specific heat C p  
of nanofluid is obtained from Eq. (3.11) by the system’s computer when a user -inputted density 
p  is provided from the measurements o f Anton Paar density meter.
r  = . f l  (3.9)
Lp k . p
where Cp is the specific heat o f the fluid and p  is the density o f the fluid, calculated using Eq. (3.7).
3.6.2 E xperim ental setup
A schematic diagram of the experimental setup is shown in Figure . The C-Therm sensor is placed 
in the Thermotron [24] thermal chamber. The temperature o f the fluid sample can be precisely 
maintained at desired levels using this chamber. The chamber has the capability to maintain 
temperature from -73C  to 177C. The measurements were taken holding the fluid sample at a 
constant temperature for at least 20min. The C-Therm apparatus measures the temperature, thermal 
conductivity, effusivity and specific heat through data acquisition system (DAQ). The DAQ takes 
10 measurements off all parameter at 5-second interval to insure accurate results. A standard 
deviation (SD) o f the data is taken to verify if  the test run is acceptable. The data, which has a SD 
o f less than 0.1, is then passed to the computer for further processing. Ten measurements are then 
averaged to determine the specific heat o f the sample at the recorded temperature. Using this
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experimental setup and procedure, the specific heat measurements o f five different nanofluids were 
conducted over a temperature range from 243K (-30 °C) to 363K (90 °C). These measurements 
allowed us to study the behavior o f nanofluids at low temperatures, which had not been explored 
yet.
3.7 Results and  discussion
3.7.1 B enchm ark  test case
Before measuring the specific heat o f nanofluids, a benchmark test was performed with DI water 
in a temperature range o f 5 0C to 90 0C and 60:40 PG/W in a temperature range o f -30 0C to 90 0C. 
The specific heat values o f water and PG/W  are accurately known from Bejan [2] and ASHRAE 
[1] respectively. Figure 3.4 shows the comparison between measured specific heats and the values 
taken from Bejan and ASHRAE. A maximum deviation o f 3.6% at 284 K for water and a 
maximum deviation o f 2.12% at 243 K for 60:40 PG/W were observed in Figure 3.4 when 
compared between measured values and the data from Bejan and ASHRAE, respectively. Curve- 
fit expressions for the base fluid specific heat and density were derived using ASHRAE data. These 
two correlations are summarized in Table 3.3. These two correlations are used in subsequent 
calculations.
3.7.2 Al2O 3 nanofluid
Figures 3.5-3.7 show the specific heat measurements o f A hO 3 nanofluids consisting o f three 
different average particle sizes (APS), 15nm, 20nm and 45nm, respectively with temperature 
ranging from 243K to 363K. These figures show the effect o f nanoparticle volumetric 
concentration and temperature on the specific heat o f A hO 3 nanofluids. It is observed from these 
the specific heat increased with an increase in temperature and it decreased with an increase in 
nanoparticle volumetric concentration.
Figure 3.5 shows the specific heat values o f A hO 3 nanofluid o f APS 15nm with volumetric 
concentration from 0.5 to 2%, which was limited by the mother fluid concentration. From the 
figure, one could see the specific heat w asn’t a strong function o f volumetric concentration except 
for the initial addition o f nanoparticles. This could be due to the small concentration range that
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was tested. However, the data shows Cp2%< C p1%< Cp0.5%, although the differences are small. The 
specific heat o f the nanofluid was reduced by about 27% at 243K and by about 19% at 363K when 
compared to that o f the base fluid. The marginal loss in specific heat when the concentration 
increases from 0.5% to 2%, is a great benefit while considering the enhancement in thermal 
conductivity. Because, many researchers have shown that a small increase in concentration can 
enhance conductivity quite a bit, making the fluid very successful for heat transfer.
Figure 3.6 shows the specific heat values o f 20nm APS A hO 3 nanofluid with volumetric 
concentration from 0.5% to 4%. The measurements showed, as the particle volumetric 
concentration o f nanofluids increased the specific heat o f nanofluids decreased. The trend is Cp4%< 
Cp3%< Cp2%< Cp1%< Cp0.5% at equal temperatures. For example, a 0.5% particle volumetric 
concentration showed 27% decrease at 243K in specific heat values and similarly a 4% volumetric 
concentration showed 32% decrease at 243K compared to base fluid values. At 363 K the 0.5% 
concentration showed 20% decrease and 4% concentration showed 26% decrease in specific heat 
value compared to the base fluid. Therefore, decreases more as the temperature increases. This 
characteristic proves that nanofluids should be used at as high temperature as possible to get better 
beneficial effect.
Figure 3.7 shows the specific heat values o f a 45nm APS A hO 3 nanofluid with volume 
concentrations from 0.5% to 6 %. The measurements showed similar trends as those in the previous 
Figures 3.5 and 3.6. At 363 K, the 0.5% concentration showed a 19.5% decrease and 6 % showed 
a 26.02% decrease in the specific heat value.
3.7.3 Z nO  nanofluid
Figures 3.8 through 3.10 show the specific heat measurements o f ZnO nanofluids o f 36, 50, and 
76nm APS, respectively, with varying temperatures and concentrations. These figures exhibit 
similar effects as explained for the Al2O3 nanofluids.
Figure 3.8 shows the specific heat values o f a ZnO nanofluid o f APS 36nm with particle 
volumetric concentrations from 0.5% to 4%. At 243K the 0.5% volume concentration showed a 
28% decrease in specific heat and the 4% particle volume concentration showed a 32% decrease. 
At 363 K the 0.5% concentration showed a 21.7% decrease in specific heat and the 4%
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concentration showed a 28.5% decrease. These trends are similar to those observed for A hO 3 
nanofluids.
Figure 3.9 shows the specific heat values o f a 50 nm APS ZnO nanofluid with volume 
concentrations from 0.5% to 6%. At 243 K, the 0.5% volume concentration showed a 27% 
decrease in specific heat and the 6% concentration showed a 35.4% decrease compared to 60:40 
PG/W. At 363 K, the 0.5% concentration showed a 20.9% decrease in specific heat and the 6% 
concentration showed a 30.9% decrease. Another observation was that for the base fluid, there is 
17% increase in specific heat in the measured temperature range. In the same temperature range, 
the 0.5% volumetric concentration had a specific heat increase o f 29% and the 6% volumetric 
concentration, 25% . This proves that the specific heat increase o f nanofluids with temperature is 
greater than that o f the base fluid.
Figure 3.10 displays the specific heat values o f a 76 nm APS ZnO nanofluid with volume 
concentrations from 0.5% to 6%. At 243K, decreases in specific heat by 24% and 34% were 
observed for 0.5% and 6% volume concentrations, respectively. At 363 K, the 0.5% concentration 
showed a 19.66% decrease and the 6% concentration showed a 29.33% decrease in specific heat 
values. A consistent decrease in the specific heat values (Cp6% < Cp4%< Cp3%< Cp2%< Cp1%< 
Cp0.5%) at a fixed temperature is observed from the experimental data in Figs 3.8 and 3.9.
3.7.4 C uO  nanofluid
Figure 3.11 shows the specific heat values o f a CuO nanofluid with volume concentrations from 
0.5% to 6% with an APS o f 30 nm. At 243K, the 0.5% volume concentration nanofluid showed a 
28% decrease in specific heat compared with the 60:40 PG/W. At the same temperature, the 6% 
volume concentration nanofluid showed a 38% decrease in specific heat. At 363 K, the 0.5% 
concentration showed a 20.8% decrease and the 4% concentration showed a 33.8% decrease in 
specific heat. Figure 3.11 shows a clear and consistent decrease in specific heat at constant 
temperatures from 0.5 to 6% volume concentrations. In other words, for the same temperature, the 
specific heat o f a nanofluid diminishes consistently as the volume concentration increases. Notice 
that the CuO nanofluid has the greatest spread o f data for different concentrations because it has 
the highest density o f all the nanofluids (Table 3.2).
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3.7.5 SiO2 N anofluid
Figure 3.12 shows the specific heat values o f a SiO2 nanofluid o f APS 30nm with volume 
concentrations from 0.5% to 5%. The specific heat o f SiO2 nanoparticles is lower than that o f the 
previously discussed A hO 3, ZnO, and CuO nanoparticles, as observed in Table 3.2. Therefore, it 
appears that variation in volumetric concentration only affects the specific heat values o f the SiO2 
nanofluid by a small margin. The data points nearly overlap. This may be due to measurement 
inaccuracies o f the apparatus. A careful examination o f Figure 3.12 shows that the specific heats 
o f the 5% volumetric concentration nanofluids are consistently below those o f 1% concentration, 
which is the same trend found for Al2O3, ZnO, and CuO nanofluids.
3.8.6 T iO 2 N anofluid
Figure 3.13 shows the specific heat values o f a TiO2 nanofluid o f APS 15 nm. The concentrations 
tested were at the low levels o f 0.5%, 1%, and 1.5%. This experiment is similar to the one 
conducted on the A hO 3 nanofluid o f 15 nm at low concentrations shown earlier in Figure 3.5. 
Similar results are also observed in Figure 5.13. Due to the low volume concentration range of 
0.5% to 1.5%, the changes in specific heat values are very small. The data points overlap within 
the accuracy o f the measuring apparatus.
3.7.7 P artic le  size effect
The nanoparticle size affects the thermophysical properties o f nanofluids, for example, their 
thermal conductivity, as demonstrated by Vajjha and Das [7]. Therefore, an objective o f our 
investigation was to study this aspect for the specific heat o f nanofluids. In our experiments we 
had selected two nanofluids, Al2O3 and ZnO, with multiple particle sizes. The Al2O3 nanofluid had 
three particle sizes: 15, 20, and 45 nm. The ZnO nanofluid also had three particles sizes: 36, 50, 
and 76 nm.
Figure 3.14 compares the specific heats o f A hO 3 nanofluids with different particle sizes 
(15, 20, and 45 nm) for two particle volumetric concentrations, 0.5% and 4%, over the 
experimental temperature range o f 243 to 363 K. From the figure, it is clear that the specific heat 
values o f the 0.5% concentration overlap for all three particle sizes. For the 4% concentration, the
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specific heat data are nearly the same for 20 and 45 nm, with small deviations appearing at the 
higher temperatures. These small deviations may be due to the experimental error plus the error 
associated with the density equation (Eq. 3.8), which is used to arrive at the specific heat values. 
Therefore, it can be said that the specific heat o f nanofluids is not dependent on particle size.
Figure 3.15 compares the specific heat o f ZnO nanofluids o f three different particle sizes 
(36, 50, and 76 nm) for two volumetric concentrations (0.5% and 4%) as a function o f temperature. 
For the 0.5% concentration, the specific heat data overlap for all three particle sizes. A similar 
observation can also be made for the 4% concentration, where the specific heat deviations among 
the three particle sizes are marginal. These results are similar to those observed for the A hO 3 
nanofluid in Figure 3.14. Therefore, the measured data show that the specific heat o f nanofluids is 
not dependent on the particle size within the concentration and temperature ranges o f our 
experiments.
3.7.8 C om parison  between the theories and  experim ents
As described in the Introduction section, there are two theoretical equations available in the 
literature to predict the specific heat o f nanofluids: one by Pak and Cho [5] and a second by Xuan 
and Roetzel [6]. W e compared the measured values o f specific heat with the predictions o f these 
two theoretical equations. This comparison is displayed in Figure. 3.16, displays this comparison 
for an A hO 3 nanofluid with a 6% volumetric concentration o f 45 nm particles. From this figure it 
is evident that neither equation matches the experimental data. Pak and Cho’s equation is off by 
nearly 40% and Xuan and Roetzel’s is off by about 30% from the measured data. All the other 
nanofluids exhibited similar degrees o f disagreement among the measured specific heat values and 
the theoretically predicted specific heat values. Pak and Cho’s equation always showed a higher 
degree o f disagreement form the experimental data than Xuan and Roetzel’s.
3.8 D evelopm ent of a new correlation
Since the two existing specific heat models could not predict the measured specific heat data 
correctly, we proceeded to develop a new correlation that could predict the specific heat o f all the 
nanofluids tested.
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3.9 G uidance from  the m easured  d a ta  and  theory
From the measured data it was observed that the specific heat o f a nanofluid, Cpnf , increased as 
temperature increased. Specific heat is also a function o f the volumetric concentration (0 ), the 
density o f the nanofluid(pn^), and the properties o f the base fluid ( P b f , C p bf ) and the nanoparticles 
( p p a n d  C p p ). The characteristics o f some o f these properties had been analyzed previously by 
Vajjha and Das [48]. They had analyzed the variation o f C p nf  and  p nf  and their 
product,C p nf p nf  =  C v nf  the volumetric heat capacity with the volume concentration0. Figure. 
3.17 presents this variation o f different parameters for A hO 3 and ZnO nanofluids at a temperature 
o f 293 K. The density increases and the specific heat decreases with an increase in the volume 
concentration 0 . Their product, the volume heat capacity Cvnf, also increases with an increase in 
$ ,  as observed in Figure 3.17. The data shows a nearly linear increment o f volumetric specific heat 
Cv nf  with concentration 0 . Therefore, the pertinent parameters to develop a correlation Cp n f  are: 
$ ,  T , p nf , p bf ,  C p bf , p np and  C p n p . W ith a total o f 610 measured values o f specific heat at hand, 
we employed the statistical software package Minitab [41] to derive a general correlation that can 
predict the specific heat for five different nanoparticles suspended in a 60:40 PG/W  base fluid. 
This new correlation is presented as Eq. (3.12). In order to make this equation dimensionally 
homogeneous, both sides have been nondimensionalized by reference density and specific heat of 
the base fluid at the reference temperature o f T0 = 273 K.
PnfCPnf =  0 .371641  +  1.00713(p +  0.345370 (^ - )  +  0.039107 (EEheEh l ) (310)
PbfoCPbfO '■T0J \CPbfPbf  J
This equation is valid for 243K<T<363K and 0<0<0.06 for the five 60:40 PG/W  nanofluids tested, 
but can be extended to other nanofluids in the future by additional experiments.
The accuracy o f the empirical model Eq. (3.12) in predicting the specific heats o f nanofluids 
is shown in Figure 3.18, derived from 610 data points o f five different nanofluids. This correlation 
has a maximum deviation o f -5% and an average deviation o f -0.09% from the measured specific 
heat values.
71
3.10 Conclusions
From a set o f carefully conducted experiments, the specific heat o f five different nanofluids (A hO 3, 
CuO, SiO2, TiO2, and ZnO nanoparticles) dispersed in 60:40 PG/W base fluid was measured. From 
these data the effects o f temperature (243-363 K), particle volumetric concentration (0.5-6%) and 
particle size (15-76 nm) on the specific heat were studied. The results showed a decrease in the 
specific heat with increasing concentration and an increase in the specific heat with increasing 
temperature, which were in agreement with previously published results. At low concentrations, 
between 0.5% and 1.5%, the reduction in specific heat was small, indicating that nanofluids can 
be beneficial at dilute concentrations by increasing thermal conductivity and keeping the viscosity 
increase to a smaller value. The experimental results show that particle size has no significant 
effect on the specific heat o f nanofluids. The measured existing specific heat correlations from the 
literature failed to predict the measured specific heat values with good agreement. Therefore, a 
new specific heat correlation was developed for five different nanoparticles dispersed in 60:40 
PG/W, which predicted the specific heat o f the tested nanofluids with an average deviation o f - 
0.094%. W ith additional testing in the future, this correlation can be refined to be applicable to 
many other nanofluids.
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3.12 N om enclature
Cp Specific heat (Jkg-1K-1)
Cv Volumetric specific heat (Jm-3K -1)
d Diameter o f particle (nm)
e Effusivity (W ^ s  m - 2 K - 1 )
k Thermal Conductivity (W m-1K-1)
Nu Nusselt Number
PG/W Propylene Glycol and W ater
Pr Prandtl number
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T0 Re fe renc e temperature (273 K)
Re Reynolds number
T Temperature (K)
G reek  symbols
p  Density (kgm-3)
0  Particle volumetric concentration %
Subscrip ts
b f Base fluid
n f Nanofluid
o At reference temperature T0
np Nanoparticle
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Figure 3.1. Effects o f specific heat on performance parameters
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Figure 3.2. The TEM image o f ZnO 50nm nanoparticles
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Figure 3.3. Schematic diagram of the experimental setup for the specific heat measurement
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Figure 3.4. Benchmark test results for the specific heats o f water and PG/W.
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Figure 3.5. Specific heat measurement o f 15nm APS AI2O3 nanofluids with varying temperatures
and volumetric concentrations.
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Figure 3.6. Specific heat variation o f 20nm APS AI2O3 nanofluid with varying temperatures and
volume concentrations.
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Figure 3.7. Specific heat variation o f 45nm APS A hO 3 nanofluid with varying temperatures and
volume concentrations
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Figure 3.8. Specific heat variation o f 36nm ZnO nanofluids with varying temperatures and
volumetric concentrations
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Figure 3.9. Specific heat variation o f 50nm APS ZnO nanofluids with varying temperatures and
volumetric concentrations
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Figure 3.10. Specific heat variation o f 76nm APS ZnO nanofluids with varying temperatures and
volumetric concentrations
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Figure 3.11. Specific heat variation o f CuO nanofluids varying with varying temperatures and
volumetric concentrations
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Figure 3.12. Specific heat variation o f SiO2 nanofluids o f APS 30nm with varying temperatures
and volumetric concentrations
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Figure 3.13. Specific heat measurements o f TiO2 nanofluids o f APS 15nm with varying
temperature and concentration
86
Sp
ec
ifi
c 
H
ea
t 
(k
J/
kg
.K
)
T em perature (K)
Figure 3.14. Particle size effect on the specific heat o f AI2O3 nanofluids at equal volumetric
concentrations and temperatures
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Figure 3.15. Particle size effect on the specific heat o f ZnO nanofluids at equal volume
concentrations and temperatures
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Figure 3.16. Experimental data comparison with two existing equations for the specific heat o f a
nanofluid
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Figure 3.17. Variation o f the density, mass specific heat and volumetric specific heat o f the 
nanofluids with volume concentration at 293K
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Figure 3.18. Comparison between the specific heat values from experiments and those predicted
by Eq. (3.12)
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Table 3.1. Parameters for study o f specific heat effects on thermal and fluid dynamic performance
P aram eters V alue
Hot Inlet (K) 363
Cold Inlet (K) 310
Hot Fluid Velocity (m/s) 0.25
Cold Fluid Velocity (m/s) 0.25
Fluid W ater
Heat Exchanger [43] Concentric Tube in counter flow
Outer Diameter (m) 0.022
Inner D iameter (m) 0.012
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Table 3.2. Some characteristics o f nanofluids used in the present experiments.
M an u fac tu re r M aterial
P artic le
size
(nm )
P artic le
Density
(g/cc)
Specific
H eat
(J/kg.K )
P a ren t 
nanoflu id  
concentration  
w t %  in H 2O
Alfa Aesar [19] AhO3 20 3.6 [34] 765 [21] 30
Alfa Aesar AhO3 45 3.6 765 50
Nanostructured 
and Amorphous 
Materials, Inc. 
[20]
AhO3 15 3.6 [35] 765 15
Nanostructured 
and Amorphous 
Materials, Inc.
SiO2 30 2.2 745 [21] 25
Alfa Aesar CuO 30 6.5 535.6 [21] 50
Alfa Aesar ZnO 36 5.6 514 [21] 40
Alfa Aesar ZnO 50 5.6 514 50
Alfa Aesar ZnO 76 5.6 514 50
Nanostructured 
and Amorphous 
Materials, Inc.
TiO2 15 4.2 683 [21] 15
Table 3.3. PG/W  60:40 correlations for the specific heat and density for 238 K < T < 398 K (-35
C < T < 125 C)
P ro p erty C orre la tion C onstan ts R 2 E rro r
Density p  ( T   ^ (T  Y  
P  =  A  + B  —  + C  —
P 0  IT0 ) IT0 )
k g
P 0 = 1 0 5 9 4  
m
A  =  0.9468; B  =  0 .2319;
1 1.94E-3%
C  = -0.1787
Specific Heat
C p  =  A  +  B  
CPo
□ T  C
0
C p n = 3250 J
Cp k g K
A  =  0 .6294; B  =  0.3707
1 0.017%
The subscript “0” refers to the fluid property at the standard reference temperature of 273K (To).
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Chapter 4 Measurements of Densities of Propylene Glycol Based Nanofluids 
and Comparison with Theory 1
4.1 A bstrac t
Density measurements were performed on several nanofluids containing nanoscale particles of 
aluminum oxide (A hO 3), zinc oxide (ZnO), copper oxide (CuO), titanium oxide (TiO2), and silicon 
dioxide (SiO2). These particles were individually dispersed in a base fluid o f 60:40 propylene 
glycol and w ater (PG/W) by mass. Additionally, Carbon Nanotubes (CNT) dispersed in deionized 
water (DI) were also tested. Initially, a benchmark test was performed on the density o f the base 
fluid in the temperature range o f 0°C to 90°C. The measured data agreed within a maximum error 
o f 1.6% with the values presented in the handbook o f American Society o f Heating, Refrigerating, 
and Air Conditioning Engineers (ASHRAE). After this validation run the density measurements 
o f various nanofluids with particle volumetric concentrations from 0 to 6% and nanoparticle sizes 
ranging from 10 to 76 nm were performed. The temperature range o f the measurements was from 
0° to 90°C. These results were compared with the values predicted by a currently acceptable 
theoretical equation for nanofluids. The experimental results showed good agreement with those 
o f the theoretical equation with a maximum deviation o f -3.8% for copper oxide nanofluid and an 
average deviation o f -0.1% for all the nanofluids tested.
4.2 In troduction
Heat transfer fluids (water, ethylene glycol, propylene glycol, mineral oil, etc.) are widely used in 
power generation, heating and cooling systems, chemical-processing plants and in electronic 
cooling. The effectiveness o f any heat transfer process depends on the thermophysical properties 
o f heat transfer fluids. Researchers are constantly experimenting with new types o f heat transfer 
fluids to improve their heat transfer capability. Nanofluids are one such new class o f heat transfer 
fluids widely believed to be promising. Choi [1] proposed the concept o f nanofluids by observing
1 Satti, J. R, Das, D. K. and Ray, D., "Measurements of Densities of Propylene Glycol Based Nanofluids and 
Comparison with Theory," accepted by ASME Journal of Thermal Science and Engineering Applications.
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the previous work on ultra-fine particles dispersed in liquid. Nanofluids are suspensions o f solid 
particles o f size less than 100 nm in a fluid. Addition o f these solid nanoparticles enhances the 
thermal conductivity o f the fluid-solid mixture. Therefore nanofluids possess better thermal 
conductivity than the normal heat transfer fluids. W hen the nano sized solid particles are added to 
base fluids, the thermophysical properties o f the fluid are changed. Over the past decade, 
researchers conducted experiments on different nanofluids focusing on thermal conductivity and 
proved enhancement o f this property after addition o f solid nanoparticles. Eastman et al. [2] and 
Vajjha et al. [3, 4], conducted experiments on different ethylene glycol based nanofluids and 
proved the enhancement o f thermal conductivity o f ethylene glycol after the addition o f solid 
nanoparticles. As the research on nanofluids is growing, the requirement for accurate 
measurements o f thermophysical properties o f nanofluids is becoming increasingly important. The 
most needed thermophysical properties o f nanofluids are thermal conductivity, viscosity, density 
and specific heat. Numerous papers have been published on thermal conductivity and viscosity of 
different nanofluids. However the literature is very limited on the density variation o f nanofluids 
with temperature, volumetric concentration and nanoparticle size. Therefore, the objective o f our 
research is to do such measurements and compare the experimental results with the available 
theory.
4.3 Cold region heat tran sfe r  fluids
In cold climate regions like Alaska, Canada, Northern Europe, Russia etc., the ambient 
temperatures may reach around - 400 C. In such regions, Ethylene Glycol (EG) and Propylene 
Glycol (PG) are commonly used as heat transfer fluids. However, even pure EG  or PG  will freeze 
around - 400 C, but when they are mixed with pure water, their freezing point is depressed below 
- 400 C. Therefore, it is common practice to use a mixture o f water and EG  or PG  as the heat 
transfer fluid in building heating systems, automobiles, heat exchangers o f industrial plants that 
are exposed to low temperatures. The mixture o f 60% of propylene glycol and 40% water (60:40 
PG/W ) by volume has the lowest freezing temperature o f -51.1 0C ASHRAE [5]. Vajjha et al. [3, 
4] conducted measurements on different nanofluids with 60:40 EG/W  as base fluid. However EG 
is toxic in nature and it takes longer time to degrade in the environment. On the other hand, PG  is 
non-toxic in nature and easily decomposes in the environment. Therefore it is safer to use PG/W  
in human interaction applications. For heating residential buildings in cold regions, PG/W  is the
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recommended heat transfer fluid due to the possibility o f mixing o f this with the potable w ater in 
the household plumbing systems. For this reason 60:40 PG/W  has been selected as base fluid for 
our experiments.
4.3.1 O bjective
After adding nanoparticles to base fluid, the thermophysical properties o f base fluid will change. 
The change would depend on the nanoparticle, volume concentration and nanoparticle size. It is 
well known from text books [6 , 7] that the properties o f liquids change with temperature. The goal 
o f the present experiments is to study the density variation o f different nanofluids with varying 
volume concentration, nanoparticle size and temperature. The densities o f several different 
nanofluids containing A hO 3, ZnO, TiO2, CuO, SiO2, and CNT nanoparticles dispersed in PG/W 
were measured and the experimental results were compared with available theory. The densities 
measured for different nanoparticle sizes and volumetric concentrations up to 6 % in a temperature 
range o f 0 °C to 90 °C.
Different nanofluids come with their respective surfactants or dispersants to make these 
suspensions stable. Often the information about these additives is not revealed by the nanofluid 
vendor, because it is proprietary. These additives may affect the density and other thermophysical 
properties o f nanofluids. Therefore, another important objective o f the present research is to 
determine, how much these additives affect the measured values and can the available theory still 
predict a results close to the measurements.
4.4 Im portance  of accu ra te  density m easurem ent
4.4.1 H eat tran sfe r  consideration
For low concentration nanofluids, Pak and Cho [8 ] showed that the heat transfer characteristics 
can be quantified by Eq. (4.1), which is similar to the well-known Dittus - Bolter correlation [9]. 
Although this equation was originally developed for single-phase fluids, researchers [8 ] have 
shown this equation to hold for low concentration nanofluids as well.
N u nf  =  C. R e “f . Pr*f (4.1)
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In the above equation, the Nusselt Number ( N u nf  =  h d / k nf )  contains the heat transfer 
coefficient h  in a tube o f diameter d  for a nanofluid o f thermal conductivity knf. The Reynolds
density p nf  and viscosity ^ nf . Prandtl number (P rn f  =  Cpnfp-n/knf) is dependent on nanofluid 
properties, specific heat C p nf , viscosity ^ nf , and thermal conductivity k nf . For single-phase fluid 
in case o f heating a  =  0 .8  a n d  b  =  0 . 4  and C  =  0 .0 2 3 .  Pak and Cho [8 ], performed experiments on 
A hO 3 and TiO2 nanofluids and derived constant values o f Eq. (4.1) as C  =  0 .0 2 1 ,  a  =  0 .8  a n d  b  =  
0.5 ;  subsequently other researchers [10-12] have performed experiments on different nanofluids 
to find heat transfer coefficient o f nanofluids. From Eq. (4.1) it is evident that heat transfer 
coefficient is a function o f Reynolds number (R e ). Reynolds number is a function o f density of 
fluid. Therefore, the heat transfer coefficient is dependent on the density o f a fluid. A small 
variation in density results in change o f heat transfer coefficient o f fluid. In order to calculate the 
total heat transfer, one uses Eq. (4.2):
the fluid between the inlet and the outlet. So, an accurate p nf  value is needed to accurately 
determine the total heat transfer q.
4.5 F lu id  friction  consideration
Heat transfer fluids are circulated through pipes and heat exchanger to distribute the heat from the 
heat source. To transport the fluid through a system we require the pumping power to overcome 
the fluid friction at the wall. The Darcy friction factorf  is required to determine the frictional head 
loss, which is given by Eq. (4.3) from W hite [6 ].
number ( R e nf  =  V d p nf / ^ nf )  for the nanofluid flowing with average velocity V is a function of
q  = p n f A V ( A T ) (4.2)
where A  is the flow area, V  is the average velocity, and A T  is the temperature difference o f
(4.3)
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From Eq. (4.3) we notice that the friction factor f  is a function o f the Reynolds number R e ,  
which in turn is dependent on the density o f the nanofluid. The pressure loss Ap in a conduit o f 
length L  is found by Eq. (4.4) [6 ], which also depends on the nanofluid density.
f Pnf- ^ 2AP =  -L ™------ (4.4)
2 d
From Eqs. (4.3) and (4.4) it is evident that accurate density o f the nanofluid is essential in 
accessing the pressure loss and the subsequent pumping power.
4.6 T herm al diffusivity consideration
Thermal diffusivity a nf  is a measure o f how fast the heat diffuses through a material. Eq. (4.5) 
gives the formula to find the thermal diffusivity o f nanofluids using the density o f nanofluids. By 
knowing the density o f nanofluid we can accurately predict the thermal diffusivity o f nanofluid.
k nf
“ nf  =  (4 5 )
p nf
Higher thermal diffusivity will be beneficial in absorbing heat faster in the furnaces used for 
heating buildings in cold regions.
From the previous sections, it was shown that density is needed in determining heat transfer 
and fluid friction, but how much does density affect them? Keeping the parameters outlined in 
Table 4.1 constant except for density, we can examine the effects o f density on heat transfer rate, 
Reynolds number, Nusselt number, heat transfer coefficient, friction factor, pressure drop and 
pumping power (Eq. (4.1-4.4)). In Figure 4.1, the effects o f changing density are shown. 
Examining the figure, we can see that density has a linear relationship with all the dependent 
parameters excluding friction factor. The increase in heat transfer rate, Reynolds number, Nusselt 
number, and heat transfer coefficient are nearly equal to increase in density. If  the density was 
increased by 15% then heat transfer rate and Reynolds number would increase by 15%, while 
Nusselt number and heat transfer coefficient would increase by 11.8%. It was also found that 
friction factor is affected the least by density as shown by increasing the density by 50% the friction 
factor diminished by 1.2%. Pressure drop and pumping power are also shown to be fairly 
dependent on density, where if  density were increased by 35% the pressure drop and pumping
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power would also increase by 33.8%. From this analysis, we see that having accurate density 
measurements are vital in determining the thermal and fluid dynamic performance o f a fluid.
4.7 Previous W o rk
Vajjha et al. [4] measured density o f AhO3, ZnO and Sb2O5: SnO2 nanofluids with 60:40 EG/W 
as base fluid with different volumetric concentrations and varying temperatures between 0 0C to 
50 0C. They tested these nanofluids, some up to 10% volume concentration and found that their 
data agreed well with the Pak and Cho Eq. (4.6) w ithin±1% , expectable ZnO nanofluids, which 
showed deviation from 2 to 8%, with increase in concentration. They proposed a correlation factor 
as a function o f 0  to compensate this error. Cabaleiro et al. [13] performed experiments on ZnO 
nanoparticles dispersed in ethylene glycol and water mixture. They measured density o f the 
nanofluid for different molar concentrations by varying pressure and temperature, which previous 
authors (Pak and Cho [8] and Vajjha et al. [4]) measured nanofluids under standard atmospheric 
pressure. Cabaleiro et al. [13] varied the pressure up to 45 M Pa and temperature from 278.15 to 
363.15 K. They discovered the experimental density values agreed with theoretical correlations. 
An average deviation o f 0.35% was found in the density measurements. Pastoriza-Gallego et al.
[14] studied the effects o f nanoparticles size (23-27 nm and 11±3 nm) and pressure (up to 45 
MPa) on CuO nanoparticles dispersed in DI water. It was found that the effect o f nanoparticle size 
on density o f nanofluid was marginal. Pastoriza-Gallego et al. [15] studied the behavior A hO 3 
nanoparticles dispersed in DI water with varying pressures up to 25MPa, volumetric 
concentrations (0.5% to 2%) and nanoparticle sizes (50 nm & 20 nm). The influence of 
nanoparticle size on density was negligible and deviation between measured and theoretical values 
increased with volume concentration. M artin and Bou-Ali [16] performed experiments on 
fullerene -  toluene nanofluids with weight fractions o f 0.05, 0.1, 0.15, and 0.2 at room temperature 
o f 25 °C. They found the density to increase linearly with the weight fraction. Kumaresan and 
Velraj [17] performed experiments on M ultiwalled Carbon Nanotubes (MCWNT) dispersed in 
30:70 EG/W  base fluid. The MW CNT had average diameter o f 30-50nm, and length o f 10-20 p,m. 
The different volume fractions measured were 0.15%, 0.3% and 0.45%. They found Pak and Cho 
correlation Equation under predicted the density o f CNT nanofluids.
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The thermal performance o f nanofluids was reported to depend on the temperature, concentration 
and the nanoparticle size o f dispersed nanoparticles. Studies have shown an increase in thermal 
conductivity with increasing concentration [1, 18-21]. The nanoparticle size o f nanofluids also 
showed significant impact on thermal conductivity o f nanofluids. It was found that as the size of 
nanoparticles decreased the thermal conductivity increased [2, 12, 17-22]. From these 
observations it was considered important to study the effect o f nanoparticle size on the density of 
nanofluid. Therefore our goal was to measure the density o f different propylene glycol water 
mixture nanofluids with different nanoparticle sizes, volume concentrations, in a temperature 
range o f 0 0C to 90 0C for a variety o f nanoparticles including the CNT.
4.8 T heory
Beginning with the description given by Cherem isinoff [7], a theoretical equation for the density 
o f a liquid containing fine solid nanoparticles can be derived from the consideration o f the 
conservation o f mass. This approach was used in early years to determine the density o f the slurry 
containing coal powder, which contained generally microparticles. The theory can also be applied 
to nanofluids containing nanoparticles.
Let the mass o f certain volume Vnf o f the nanofluid be mnf. Then Vnf = Vbf + Vnp and mnf = mbf + 
mnp. The density o f the nanofluid is given by Eq. (4.6):
P n f  =  ~n~L  =  — - n  E  (4.6)
v n f  v n f
In terms o f the densities o f the base fluid and the nanoparticles, m bf  =  P b f V bf  and m np =  p n p Vn p . 
Introducing these variables into Eq. (4.6), one obtains:
P b f V b f  +  PnpVnp
P n f  = ---------y ------------------------------------ (4.7)
v n f
now introduce the particle volumetric concentration:
^  =  *  (4.8)
v n f
Then the liquid volume fraction is
103
(4.9)
Substituting Eq. (4.8 and 4.9) into Eq. (4.7), one derives:
p nf  -  p b f (1  -  ^  +  p n p $ (4.10)
Pak and Cho [8] used Eq. (4.10) as the theoretical equation. They did experiments to find the 
density o f y-AhO3 and TiO2 nanofluids with water as base fluid with different volume 
concentrations at room temperature. They compared Eq. (4.10) with their measured values of 
density and found good agreement.
4.9 M aterials  and  E xperim ents
4.9.1 D ifferent nanoparticles
Presented in Table 4.2 below the nanofluids purchased for the experiments. The different 
nanoparticles used in the following experiments were AhO3, ZnO, CuO, TiO2, SiO2, Singlewalled 
Carbon Nanotube (SWCNT), M ultiwalled Carbon Nanotube (MWCNT) and Bamboowalled 
Carbon Nanotube (BWCNT). The nanofluids suspensions for the experiments were obtained from 
Alfa Aesar [23] and Nanostructured and Amorphous Materials Inc. [24]. The Carbon Nanotube 
dispersions were procured from Nanolab Research Company [25]. The nanofluid purchases from 
the vendor will be referred to as the mother nanofluid. The mother nanofluids were obtained as 
nanoparticles suspended in pure DI water at high concentrations. They were pretreated with 
proprietary surfactants by the manufacturer to prevent agglomeration.
4.10 P rep a ra tio n  of N anofluids
First, the mother nanofluid was sonicated for 10 hours before preparation o f the test samples. A 
Bransonic sonicator [26] with 40 kHz frequency and 185W power was used for sonication of 
nanoparticle suspensions. The sonication o f the mother nanofluid is necessary to break up any 
sedimentation or agglomeration due to long term storage. After sonication o f the mother nanofluid, 
small samples were mixed with calculated amount o f 60:40 PG/W, to obtain required volume 
concentration ranging from 0.5% to 6%. Then the test samples were sonicated again for 5 hours to 
ensure an even dispersion o f nanoparticles in base fluid. Using this preparation method, no
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sedimentation was observed in the test samples by careful visual examination. A few o f the 
prepared samples are shown in Figure 4.2.
4.11 P artic le  size im age analysis
The manufacturer provided us with the average nanoparticle size (APS) o f different nanofluids. 
To verify the APS o f samples, they were subjected to the analysis in a Transmission Electronic 
M icroscope (TEM) as an example, a test sample o f 45nm APS A hO 3 nanofluid sample is presented 
in Figure 4.3. The A hO 3 nanoparticles appeared to be perfectly spherical in shape. Nanoparticles 
o f different diameters ranging around 45nm were observed. The manufacturer uses an averaging 
technique, perhaps on an equal mass basis, to arrive at an APS. Looking at this image in Figure 
4.3, it appeared that many nanoparticles were in the neighborhood o f 45nm. Therefore the image 
analysis verified that the APS may indeed be what the manufacturer specified
4.12 A ppara tu s
The experiments were carried with Anton Paar DMA 4500 density measuring device [27]. An 
image o f the measuring device is shown in Figure 4.4. This device has been used by previous 
authors [4, 14, 15] to measure the density o f nanofluids. The apparatus can operate and maintain 
temperatures ranging from 0 0C to 90 0C. The apparatus has internal cooling and heating capability 
to maintain the sample at any temperature within 0 0C to 90 0C range.
4.12.1 Princip le of m easurem ent
The nanofluid sample is introduced into the u-shaped glass tube shown in Figure 4.4 by a 2ml 
syringe through the inlet port on the right hand side o f the apparatus. The temperature is set to 
desired value between 00C and 90 0C and offer the temperature stabilizes to the set value, the U- 
tube is excited to vibrate at its characteristic frequency. The characteristic frequency is 
proportional to the density o f the sample. The density o f the nanofluid sample is internally 
calculated within the apparatus by the following equation and displayed on the screen in g/cc.
p - K A  X Q 2 X  f1 — KB X f2 (4.11)
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where K A  and K B  are the apparatus constants, Q  is the quotient o f the period o f oscillation o f the 
U-tube divided by the period o f oscillation o f the reference oscillation and f i  and f  are correction 
terms for temperature, viscosity and nonlinearity. The period o f oscillation o f the U-tube is 
measured by optical signals and the precise thermostatic setting o f the sample temperature is 
achieved by platinum thermometer together with peltier elements. Because o f these qualities of 
the apparatus, Anton Paar specified the accuracy o f measurements as ±0.00005 g/cm3 for the 
density and ±0.03 0C for temperature. A major source o f error is the presence o f gas bubbles in 
the sample within the measuring U-tube. The experimenter can set the instrument to “Filling 
check” mode, which automatically detects inhomogeneity and gas bubbles in the entire measuring 
cell and generates a warning message to eliminate faulty measurements.
4.13 Results and  discussions
4.13.1 Base fluid density equation
Curve fit equations were developed for glycol base fluids using Rackett type equation using the 
density versus temperature data o f 60:40 PG/W  and 60:40 PG/W  from ASHRAE The correlation 
for calculating the density o f different fluids has been provided by Rackett [28-31]. The basic 
Rackett equation is shown in Eq. (4.12a).
T -
p - A  X B - l 1 ~ ?  (4 -12)
where p  is density o f fluid, Tc is critical temperature o f fluid, and A and B are curvefit constants.
W e modified the Rackett equation for a glycol based fluid to a nondimensional form so that A and 
B become pure constants, presented as Eq. (4.13)
T 2
—  — A  X  B (1 t J '  (4.13)
p 0
where p 0 is the density o f fluid at the reference temperature To = 273 K. The critical temperature
for glycol-water mixtures was calculated using K ay’s rule [32]. Another polynomial form o f curve-
fit equation proposed by Yaws [28] is given as Eq. (4.13). The curve-fit values for modified
Rackett equation and Yaws equation for glycol base fluids are presented in Table 4.3. Equation
(4.12b or 4.13) is used for calculating the density o f base fluid in Pak and Cho Eq. (4.10). The
106
figure 4.5a compares the curve-fit equations for both fluids with ASHRAE [5] density data. A 
maximum deviation o f 0.6% and 0.01% was observed from ASHRAE data by using Eqs. (4.12b) 
and (4.13), respectively for both PG/W  and EG/W.
4.13.2 B enchm ark  testcase
A benchmark test was performed with the 60:40 PG/W  base fluid using the Anton Paar density 
meter to verify the accuracy o f the measuring instrument and the measurement procedure. The 
result o f the experiment is provided in the graph shown in Figure. 4.5b. The experiments were 
carried out within a temperature range o f 0 0C to 90 0C. The theoretical values for 60:40 PG/W 
were taken from ASHRAE [5]. The results o f measurements from the density apparatus matched 
well with the ASHRAE values. A maximum deviation o f 1.6% at 90 0C was observed between 
experimental and the ASHRAE values.
4.14 D ensity of nanofluids
The results in the following sections show the effect o f the temperature on density o f the 
propylene glycol nanofluids. The experimental results are shown for varying temperatures from 0 
0C to 90 0C in 5 0C increments, for different volumetric concentration o f nanofluids. All density 
measurements o f nanofluids were conducted under atmospheric pressure. The nanoparticle density 
p np was assumed constant in our calculations and were taken from Table 4.2, provided by the 
vendor, as they don’t change appreciably between the range o f our measurements o f 0 0C to 90 0C. 
However, if  nanofluid density was needed over a high temperature range, then nanoparticle density 
p np in Eq. (4.10) must be derived from an equation as function o f temperature, similar to Eqs. 
(4.12b, 4.13) used for base fluid.
4.14.1 Al2O3 nanofluid
Figure 4.6a shows experimental values o f density o f A hO 3 nanofluid with average nanoparticle 
size o f 45nm in a temperature range 273 K to 363 K with volumetric concentrations o f 1%, 2%, 
3%, 4%, 5%, and 6 %. The experimental density values o f A hO 3 nanofluid agreed with the 
theoretical equation presented by Pak and Cho [8 ] Eq. (4.10). A maximum deviation o f 1.19% 
was observed at 363 K and 3% volume concentration when compared experimental values were
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compared with Eq. (4.10). As expected, the densities o f nanofluids decreased with an increase in 
temperature and increased with an increase in nanoparticle volumetric concentration.
Figure 4.6b shows the density o f A hO 3 nanofluid with average nanoparticle size o f 20 nm 
and volumetric concentrations ranging from 1 to 4%. Comparing the measured density values to 
the Pak and Cho equation [8 ] Eq. (4.10), a maximum deviation o f 1% was observed for the 4% 
volume concentration at 273K
Figure 4.6c shows the density o f A hO 3 nanofluid with average nanoparticle size 10 nm. 
Different volume concentrations measured were 1%, 2% and 2.7%. The measured densities of 
nanofluids were compared with the theoretical equation o f Pak and Cho [8 ]. A maximum deviation 
o f 0.9% was observed when experimental values were compared with the theory.
4.14.2 Z nO  nanofluid
Figure 4.7a shows the density measurements for ZnO with nanoparticle size o f 76 nm. The ZnO 
nanofluid was prepared and measured with six different volumetric concentrations (1%, 2%, 3%, 
4%, 5%, and 6 %). The lower volumetric concentration (1%) agreed with the Pak and Cho [8 ] Eq. 
(4.10) better than the 6 % concentration. The results show that as the volumetric concentration 
increases the experimental results show increasing deviation from theoretical values. The 
maximum deviation from theory was found to be 3.6% at 363K for 6 % concentration, which is 
still reasonable. The increasing deviation may be due to a slight error in the density o f nanoparticle, 
taken as 5600 kg/m 3 from Table 4.2 as provided by the vendor. This error will be magnified as 
nanoparticle concentration increases. As observed from Figure 4.7a, the Pak and Cho equation 
consistently over predicts the measured data. Therefore, it can be surmised that we are using a 
slightly higher value o f the nanoparticle density p np in Eq. (4.10).
Figure 4.7b shows the experimental density values o f ZnO nanofluid with average 
nanoparticle size o f 50 nm. The different volumetric concentrations measured were from 1 to 6 %. 
For lower concentrations 1% and 2% the experimental values are very close to theoretical values 
predicted by the Pak and Cho equation. For the 6 % volumetric concentration a maximum deviation 
o f 3.6% with Eq. (4.10) was observed at 273K.
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Figure 4.7c shows the experimental results o f density o f ZnO nanofluid with average 
nanoparticle size o f 36 nm. Different volumetric concentrations measured were 1%, 2%, 3% and 
4%. The results were compared with Eq. (4.10). There is good agreement between the experimental 
values and the theoretical values. A maximum deviation o f 0.9% with theoretical values is 
observed for 4% concentration at 363 K.
4.14.3 C uO  nanofluid
The density o f a CuO nanofluid was measured for an average particle size o f 30 nm. The density 
o f the CuO nanoparticle is 6310 kg/m3. The maximum concentration o f the nanofluid is 5.75%.
Figure 4.13 shows the density o f the CuO nanofluid measured in a temperature range of 
273 K to 363 K. The particle volume concentrations measured were 1%, 2%, 3%, 4%, 5%, and 
5.75%. The measured data were compared with Pak and Cho’s [8] equation (4.10). A maximum 
error o f 3.8% was found at 273 K for a 6% particle volume concentration. For lower particle 
concentrations, the results agree well with those o f Pak and Cho’s equation. It was found that as 
the particle volume concentration increased, the deviation also increased. Since Pak and Cho’s [8] 
prediction falls below the measured value, it is possible that the particle density might be slightly 
lower than 6310 kg/m3, the value used in our calculation.
4.14.4 T iO 2 nanoflu id
The density o f a TiO2 nanofluid was measured for an average particle size o f 15 nm. The density 
o f the TiO2 particles is 4200 kg/m3. The maximum concentration o f this nanofluid is 1.6%.
Figure 4.14 shows the density o f the TiO2 nanofluid as measured in a temperature range 
o f 273 K to 363 K. Particle volume concentrations o f 0.5%, 1%, and 1.6% were measured. The 
results are compared with Pak and Cho’s [8] equation (4.10) in Figure 4.14. The results agree with 
Pak and Cho’s equation. A maximum error o f 1.8% was found at 320 K for a particle volume 
concentration o f 1.6%. It was found that as the particle volume concentration increased, the error 
also increased. W e notice a consistent over prediction by Pak and C ho’s equation for this 
nanofluid. Therefore, the true density o f the nanoparticles may be slightly lower than 4200 kg/m3.
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4.14.5 SiO2 N anofluid
The density o f a SiO2 nanofluid was measured having an average particle size o f 30 nm. The 
density o f SiO2 particles is 2220 kg/m3. The maximum concentration o f nanofluid prepared was 
6%. Figure 4.15 shows measured densities data o f the SiO2 nanofluid with different particle 
volumetric concentrations o f 1, 2, 3, 4, 5 and 6%. The measurements were carried out in a 
temperature range o f 273 K to 363 K with a 5 K interval. The measured density values matched 
those o f Pak and Cho’s [8] theoretical equation. The maximum deviation between experimental 
data and those o f the theoretical equation is 0.8% for the 3% concentration.
4.14.6 CN T nanofluids
Figure 4.11 shows the density measurements on three types o f carbon nanotubes (CNT). The three 
different carbon nanotubes tested in our experiments were single-walled carbon nanotube 
(SWCNT), multi-walled carbon nanotube (MWCNT), and bamboo-walled carbon nanotube 
(BWCNT). The concentration o f CNTs suspension was 0.3% by weight dispersed in 60:40 PG/W. 
The density measurements were carried out over a temperature range 273 to 363K. The density 
o f carbon nanotube is 1300 kg/m3 as specified by manufacturer. The densities o f all three CNT 
suspensions were fairly close to each other as function o f temperature. A maximum deviation of 
2.9% was found from the Pak and Cho equation at 273K.
4.15 Effect of partic le  size
The effect o f nanoparticle size on the density o f nanofluids was studied for Al2O3 and ZnO 
nanofluids as shown in Figure 4.12. Three different nanoparticle sizes have been studied for both 
nanofluids. Figure 4.12a shows the variation o f density o f A hO 3 nanofluids with different 
nanoparticle sizes 45, 20 and 10nm for two different volume concentrations and varying 
temperatures. The results show that A l2O3 nanofluids densities are essentially same at 1 and 4% 
equal temperature and concentration. So the density is independent o f the nanoparticle size.
Figure 4 .12b shows the density data o f ZnO nanofluids o f three different nanoparticle sizes 
76, 50 and 36 nm with varying temperatures at two volumetric concentrations o f 1 and 4%. For 
the 1% concentration all three nanoparticle sizes yield nearly the same density values. For the 4%
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volume concentration a difference o f 3.6% higher value for the density o f 36 nm over 76 nm was 
observed. This difference is similar in magnitude to the derivations we have observed for ZnO 
nanofluids from the theoretical equation. The three nanoparticles sizes show a consistent ( p 35nm >  
P 50nm  >  P 76n m )  trend. The 36 nm nanofluid has more nanoparticles per unit volume for the same 
concentration. Furthermore ZnO nanoparticles are cylindrical rod shaped, whereas A l2O3 particles 
are spherical. So the vibration o f these ZnO particles in the U  tube with viscous damping may be 
introducing non-spherical shape errors in measurements, showing difference in density, although 
the theoretical derivation o f nanofluid density Eq. (4.10), does not show any dependence on the 
nanoparticle size d„p.
4.16 C om parison  of experim ents w ith  theory
Comparisons o f the density values predicted by the theoretical equation o f Pak and Cho Eq. (4.10) 
and the experimental values for all the nanofluids tested are presented in Figure 4.13. The diagonal 
line in the middle o f the figure represents a perfect match between the experimental and theoretical 
values. There are 874 data points for the density values. In Figure 4.13, all data fall within a 
deviation band o f ± 4%.From figures 4.7 through 4.19, we have assembled the deviations of 
density values among our experiments and Pak and Cho’s [8 ] equation; these results are 
summarized in Table 4.4.
From Figure 4.6 through 4.12, we have assembled the deviations o f density values between 
our experiments and the Pak and Cho equation and those results are summarized in Table 4.4.
From Table 4.4 and Figure 4.13, it was found that the maximum deviation between the Pak 
and Cho equation and all 874 data points is -3.8% for the CuO nanofluid. Considering all 874 data 
points, the average deviation between measurements and the Pak and Cho equation is -0.1%. 
Nanofluids, being a new class o f heat transfer fluids, have been the focus o f significant research 
involving measurements o f thermophysical properties. Therefore, many publications [33-45] have 
appeared just in the past two years for verifying and improving older correlations and also 
developing new correlations. W e believe that the present paper fulfills that goal for the density of 
nanofluids.
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4.17 Conclusions
The experiments were conducted to study the variation o f density o f nanofluids with volume 
concentration, temperature, nanoparticle material and nanoparticle size. First a benchmark test was 
performed on 60:40 PG/W  by mass mixture and the results showed good agreement with a very 
small deviation (1.6%) with reference values taken from ASHRAE. The density o f different 
nanofluids measured were A hO 3, ZnO, TiO2, SiO2, CuO nanoparticles and carbon nanotubes 
nanoparticles dispersed in 60:40 PG/W. The experiments were conducted in a temperature range 
o f 0 0C to 90 0C. The measured density values agreed well with the theoretical equation presented 
by Pak and Cho Eq. (4.10). From the results it was shown the densities o f nanofluids are 
independent o f the nanoparticle size. Nanofluid densities increased with an increase in nanoparticle 
volumetric concentration but decreased with an increase in temperature. Based upon 874 data 
points, it was found that the maximum deviation between measured values and those predicted by 
the equation o f Pak and Cho was within ±4% . This deviation may be attributed to the presence of 
surfactants or dispersants in the nanofluids and the uncertainty in the value o f the nanoparticle 
densities provided by the nanofluids vendor. The margin o f deviation is not high. Therefore, for 
practical engineering calculations, the Pak and Cho equation can be adopted as an accurate formula 
for calculating the densities o f nanofluids.
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4.19 N om enclature
p Density (kg m-3)
Re Reynolds number
f Friction factor
A P Pressure loss (Pa)
V Velocity (m s-1)
T Temperature (K)
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0  Volumetric concentration (%)
PG Propylene Glycol
W W ater
EG Ethylene Glycol
Subscrip t
b f Base fluid
nf Nanofluid
nP Solid particle
c Critical temperature (K)
P Density (kg m-3)
Re Reynolds number
f Friction factor
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Figure 4.2. Nanofluids samples prepared for density measurements
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Figure 4.3. TEM images o f A hO 3 nanoparticles with APS o f 45nm.
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Figure 4.4. Density measuring device Anton Paar DMA 4500
117
Figure 4.5. (a) Comparison o f the modified Rackett and Yaws equations for PG/W  and EG/W  base 
fluids with ASHRAE data (b) Benchmark test case result for the 60:40 PG/W  base fluid.
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Figure 4.6. Density variation o f A hO 3 nanofluid o f APS (a) 45 nm, (b) 20 nm, (c) 10 nm with
temperature and volumetric concentration.
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Figure 4.7. Density variation o f ZnO nanofluid o f APS (a) 76 nm, (b) 50 nm, (c) 36 nm with
temperature and volumetric concentration.
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Figure 4.8. Density variation o f CuO nanofluid o f APS 30 nm with temperature and volumetric
concentration.
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Figure 4.9. Density variation o f TiO2 nanofluid with APS 15 nm with temperature and volumetric
concentration.
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Figure 4.10. Density variation o f SiO2 nanofluids with APS 30 nm with temperature and
volumetric concentration.
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Figure 4.11. Density variation o f different Carbon Nanotube nanofluids with temperature.
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Figure 4.12 Nanoparticle size effect on density containing (a) AhO3 (b) ZnO nanoparticles.
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Figure 4.13 The agreement between the experimental and theoretical values o f nanofluids
densities within ±4% .
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Table 4.1. Parameters for study o f density effect on other parameters.
Parameter Value
Average Fluid Temperature (K) 293
Fluid W ater
Density (kg/m3) 997.92
Specific Heat (J/kg K) 4183
Viscosity (Pa s) 1.009 x 10-3
Thermal Conductivity (W/m K) 0.598
Prandtl Number 7.056
Fluid Velocity (m/s) 0.25
Pipe Diameter (m) 0.0254
Temperature Difference (K) 10
Length o f Pipe (m) 6
Pipe Roughness [62](mm) 2
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Table 4.2. Material characteristics o f nanofluids used in the present experiments.
M anufacturer Material Particle size (nm)
Particle
Density
(g/cc)
M other nanofluid 
concentration wt % in 
H 2O
Alfa Aesar [23] AhO3 2 0 3.6 30
Alfa Aesar Al2O3 45 3.6 50
Nanostructured and 
Amorphous Materials, Inc. 
[24]
AhO3 10 3.6 15
Nanostructured and 
Amorphous Materials, Inc. 
[24]
SiO2 30 2.41 25
Alfa Aesar ZnO 76 5.6 50
Alfa Aesar CuO 30 6.31 50
Nanostructured and 
Amorphous Materials Inc.
TiO2 15 4.23 15
Nanolab Carbon nanotubes SWCNT D 1-2nm, L 1.3 3
[25] 5-30 [im
Nanolab Carbon nanotubes MW CNT D 10-40nm, 
L 10 [im
1.3 3
Nanolab Carbon nanotubes BWCNT D 10-40nm, 
L 10 [im
1.3 3
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Table 4.3. Curve fit values o f modified Rackett equation for glycol base fluids.
Parameter (60:40) EG/W (60:40) PG/W
Tc 547.92 [K] 641.76 [K]
A 0.0453 0.17047
B 0.04174 0.15976
R 2 0.99014 0.98548
Table 4.4. Deviation in density values o f different nanofluids.
Material
Particle
Density
(g/cc)
Particle size 
(nm) M ax Deviation
AhO3 3.6 2 0 1%
45 1.19%
10 0.9%
SiO2 2.41 30 0 .8 %
ZnO 5.6 36 0.9%
50 3.6%
76 3.6%
CuO 6.31 30 3.8%
TiO2 4.23 15 1 .8 %
SWCNT 1.3 D 1-2nm, L 5-30 [im 2.9%
MWCNT D 10-40nm, L 10 [im
BWCNT D 10-40nm, L 10 [im
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Chapter 5 Evaluation of Nanofluids in Ground Source Heat Pumps 
operating in Cold Climate1
5.1 A bstrac t
The coefficient o f performance (COP) o f cold climate ground source heat pumps (GSHP) is lower, 
around 2.0, compared to that o f tropical climate GSHP, about 4.0. The COP o f a GSHP in cold 
climates is limited by the circulation o f heat transfer fluid in a ground heat exchanger loop at very 
low temperatures. This requires a greater tube length in the ground heat exchanger to absorb an 
adequate amount o f heat. One way to increase the COP o f a GSHP is by replacing the heat transfer 
fluid with more efficient fluid, such as a nanofluid. In this paper, a GSHP operating in central 
Alaska is analyzed. Analytical and numerical studies were performed on the ground heat 
exchanger o f the GSHP. Results calculated from modeling showed good agreement with 
experimental data for a conventional heat transfer fluid, a methanol and w ater mixture, validating 
the models. Next, the analysis were performed using Al2O3 and CuO nanofluids with three 
different particle volumetric concentrations, 0.5, 1, and 2%. The results showed nanofluids 
absorbed more heat than the basefluid. The ground temperature was varied from 273 to 288K and 
the fluid velocity from 1 m/s to 5 m/s. The best heat absorption rate o f 12% over the basefluid was 
observed for an A hO 3 nanofluid o f 2% concentration at a ground temperature o f 273K.
5.2 In troduction
In cold regions like Alaska, a large amount o f energy is used for heating buildings. The efficiency 
o f building heating systems can be evaluated by the coefficient o f performance (COP). For 
example, electrical heating has a COP o f 1, oil heating has a COP o f 0.7, and natural gas heating 
has a COP o f 0.85 [1]. A ground source heat pump (GSHP) has a COP o f nearly 3.2 for cold 
temperatures [1]. The higher COP value o f GSHP makes them the right choice for highly efficient
1 Satti, J. R, Das, D. K., Ray, D and Lin, C., 2015, "Evaluation of nanofluids in ground source heat pumps operating 
in cold climates," under review by Journal of International Communications in Heat and Mass Transfer.
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building heating systems for cold climates. A typical GSHP consists o f the following components: 
pump, ground heat exchanger, condenser, and expander. A heat transfer fluid is circulated through 
the system to absorb heat from the ground. The heat transfer between the ground and the heat 
transfer fluid occurs in the ground heat exchanger (GHE) system. Presently the applications of 
GSHP are limited in cold climates like Alaska for the following reasons. The air temperatures in 
Alaska reach below 233K in winters, the ground temperatures as low as 273K [2]. The heat transfer 
fluid running through the system should be maintained at uniform temperatures at all times to 
prevent freezing. In order to improve the COP o f GSHP with low freezing point fluids, a thorough 
analysis needed to be done on ground heat exchangers (GHEs) with different heat transfer fluids.
Recently novel heat transfer fluids have been developed, called nanofluids. Nanofluids are 
dispersions o f nano-sized particles in a fluid [3]. Nanofluids are a new type o f heat transfer fluid 
in which solid metallic nanoparticles ( < 1 0 0  nm) o f very high thermal conductivity are dispersed 
in a fluid, which usually possesses relatively low thermal conductivity. By adding these 
nanoparticles, the thermal conductivity o f nanofluids can be increased by nearly 10% [4]. The 
increase in thermal conductivity depends on the type o f nanoparticle and particle concentration 
present in the nanofluid. Due to their high thermal conductivity, nanofluids can extract more heat 
from ground in shorter tube lengths. Pumping power can be decreased if  a decrease in tube length 
is achieved. These nanofluids are the right choice as heat transfer fluids for ground source heat 
pumps.
In the present research project, our objective is to develop analytical and numerical models 
for a GHE. These models are validated by comparing the predictions with actual experimental data 
collected from a GSHP operating in Fairbanks, Alaska by Cold Climate Housing Research Center
[1]. After validation, the model analyzes different nanofluids o f varying particle volumetric 
concentration in ground heat exchanger systems o f GSHP. W e compared the results o f this analysis 
to find the right nanofluid to improve the COP o f the GSHP.
5.3 G round  source heat pum ps
GSHP are an attractive alternative to conventional heating and cooling systems due to their higher 
efficiency. A GSHP is a type o f heat pump that uses heat from the ground to heat the air inside the
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building. A GSHP consists o f the following components: compressor, ground heat exchanger 
(GHE), fluid heat exchanger, expansion valve, and air heat exchanger [5]. The components are 
depicted in Figure 5.1. The following parameters play a vital role in the performance o f a GSHP: 
GHE size, depth o f GHE below the surface (ground temperature), heat transfer fluid, fluid flow 
rate, GHE pipe size, soil type, and others [6 ]. In the present analysis, the performance o f a GSHP 
is studied by replacing the traditional heat transfer fluid used at the CCHRC, methanol-water 
mixture, [7] with nanofluids. Thorough reviews o f the different ground source heat pumps are 
provided by Sarbu and Sebarchievivi [8 ] and Omer [9].
5.4 G SH Ps in arc tic  and  subarctic  regions
Ground source heat pumps are found in large numbers these days. Nearly 30% of all houses in 
Sweden have GSHP [8 ]. The number is increasing in the lower 48 states o f the U.S.A. due to their 
higher COP. In Alaska, the use o f GSHP has started recently. There are nearly 49 residential and 
6  commercial units in Alaska [1]. The Cold Climate Housing Research Center (CCHRC) is 
performing a long-term study on GSHP in their test sites. The average COP reported for GSHP in 
Alaska is between 2.0 and 3.5 [1]. If we can increase the COP o f the GSHP, then we can decrease 
the usage o f energy for heating, which in turn decreases the operating costs o f GSHP. Figure 5.2 
compares the economic benefits o f GSHP to those o f electric and oil heating for five locations in 
Alaska. For most locations, the GSHP is shown to be economically superior.
From Figure 5.2 we can observe that GSHPs provide good economic benefits compared to 
electrical heating. If  we can make the heat pumps run at higher efficiencies by increasing their 
COP, we can reduce their operating costs. If  the COP o f the GSHPs in Alaska exceeded or equaled 
that o f GSHPs operated in the lower 48 states, the installation o f GSHP units in Alaska would 
increase, which would result in economic benefits for cold climate regions such as the circumpolar 
nations. One way to increase the COP o f GSHPs is using better heat transfer fluids. Nanofluids are 
new heat transfer fluids that have better heat transfer characteristics than do regular heat transfer 
fluids. In the present research we performed analytical and numerical studies on cold climate 
GSHPs with different nanofluids in ground heat exchangers (GHEs). These studies will provide 
guidelines and direction to perform experimental studies on GSHPs using different nanofluids to 
find the best performance.
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The Cold Climate Housing Research Center (CCHRC) has done research on ground source 
heat pum ps’ application in Alaska. In their recent report [1], they found COP o f GSHPs between 
2 and 3.5 depending upon location. They showed that GSHPs are good energy savers. However, 
poor design o f a GSHP could cause the following problems: (i) an undersized ground loop 
decreases the COP; (ii) smaller ground loops require higher flow rates, and thus higher pumping 
power to maintain the flow rates.
There have been few studies conducted on the role o f heat transfer fluid in ground heat 
exchangers o f GSHPs. In this paper we present analytical and numerical analysis using 20:80 by 
mass methanol and water (M/W) nanofluids on ground heat exchangers o f GSHPs. The goal of 
this study was to evaluate the benefits o f using nanofluids in comparison to the basefluid in a 
ground heat exchanger.
5.5 G round  heat exchanger design
The ground heat exchanger design is dependent upon many parameters, such as geological 
formations and material properties o f pipe, liquid, and soil. A basic analytical design process is 
explained by Incropera and Dewitt [10]. Using the E q’s (5.1-5.7) listed below, we can calculate 
the GHSP pipe length required for a given amount o f heat to be absorbed. The coefficient of 
performance o f a heat exchanger can be found using Eq. (5.1):
c o p  -  q t - q ;  (5 1 )
where Q l  is heat pump capacity, Q h  is ground heat exchanger load [1 0 ] [1 1 ].
Q h  - m L x  CL X ( T Lout -  TLin)  (5 .2)
where mL  is the mass flow rate C l  is the specific heat, Tl  is the temperature o f liquid. The required 
length o f ground loop in ground heat exchanger can be found using following Eq. (5.3).
9 l ■
L -  ( m LCLR to ta l )  (5.3)
Lout
where L  is the total length o f the pipe in ground heat exchanger. Rtotaiis the total thermal resistance 
in ground heat exchanger. 6 i in and Qiout  are the temperature difference between ground
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temperature and fluid entering the ground heat exchanger at inlet and outlet respectively. The total 
thermal resistance is calculated using Eq. (5.4) [10] .
R-total =  R-conv +  Rpip e  +  Rsoi l  (54)
( D q
D —    D —  '  D —  _________ U  —
n conv =  „ n . h ’ n pipe =  7 ^ 1, _ ’ n soil =  __ >h L ~
1  n _  l n ( D j )  p _  1  . _ N u X  k n f  (5.5)
n D t h L ’ pipe 2 n k p ipe ’ 5 0 1 1  S k soil ’ L D t
where D i  is the inner diameter o f the pipe, D o  is the outer diameter o f the pipe, h ,  is the convective 
heat transfer coefficient o f the fluid, kpipe is the thermal conductivity o f the pipe, ksoil is the thermal 
conductivity o f the soil, and S  is the conduction shape factor for the pipe. From Eq. (5.5), notice 
that the fluid’s thermal resistance can be decreased by increasing h , ,  the convective heat transfer 
coefficient o f the fluid. So, it is clear from the Nusselt number Eq. (5.5) that the increased thermal 
conductivity o f a nanofluid, knf, would increase hl  and thus decrease the fluid thermal resistance. 
This results in increased heat absorption and decreased pipe length. To determine the length o f the 
ground coil o f the ground heat exchanger for the design process, the thermophysical properties of 
nanofluids must be accurately known.
5.5.1 P um ping  pow er
Pumping power is devoted to pump the liquid through the ground heat exchanger. It can be 
calculated using Eq. (5.6) [11, 12].
m ,
Wp =  — - A P  (5 .6 )
V P l
where Wp is the required pumping power. m l  is the mass o f the fluid circulating, is the efficiency 
o f the pump. p L is the density o f the liquid and A P  is the pressure drop o f the liquid in the heat 
exchanger loop. The pressure drop is given by Eq. (5.7).
4 f L p LV 2
A P  =  ^  (5.7)
2 U h
Where, f  is the friction factor o f pipe. V is the fluid velocity. D h  is the hydraulic diameter o f pipe.
From the above two equations, if  the length o f the pipe decreases then pressure drop can be 
reduced, which helps in saving pumping power.
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5.6 G round  source heat pum p a t C C H R C
A GSHP has been installed in CCHRC to study the long-term performance o f GSHPs in cold 
climate environments [7]. The main purpose o f this system is to supply a portion o f the heat 
required to heat the CCHRC building. The space requires 17.6 kW of heat energy to maintain a 
temperature o f 23°C. A portion o f heat is provided by the GSHP through traditional heating 
systems. The heat pump at CCHRC is a liquid-to-liquid heat pump. The heat is absorbed from the 
ground through coils in the ground heat exchanger (GHE) by methanol water (M/W). The M/W  
used in the ground loop is 20% methanol and 80% water. This heat is absorbed by the refrigerant 
in the heat pump. The refrigerant acts as a heating liquid in the secondary loop. A brief schematic 
diagram of the GSHP at the CCHRC is shown in Figure 5.3.
5.7 M easurem ent of heat tran sfe r  fluid properties
The heat transfer fluid used in the CCHRC GSHP is a binary fluid o f 20% methanol and 
80% water (M/W). This fluid is selected to prevent coolant freezing due to Fairbanks’ low ground 
temperatures. In order to do an accurate analysis, the thermal conductivity and specific heat of 
M/W  were measured in the lab. A TCI [13] thermal analyzer measured the thermal conductivity 
and specific heat o f the given sample at different temperatures. By using the thermal chamber, a 
constant temperature was maintained for the sensor to measure the properties. The measurements 
were taken at different temperature points to obtain the thermal conductivity and specific heat of 
the sample in a temperature range between -10 0C to 30 0C. The viscosity and density values were 
obtained from Mikhail and Kimel [14]. The reference and measured values are presented in Table 
5.2.
5.8 N anofluids
The thermal properties o f a nanofluid vary depending on the concentration o f nanoparticles. In this 
study we have considered A hO 3 and CuO nanofluids with three different concentrations: 0.5%, 
1% and 2%. There are no thermophysical properties o f methanol-water nanofluids available in the 
literature. The properties o f the nanomaterials are presented in Table 5.3. The thermophysical 
properties o f nanofluids can be calculated using the correlations available in the literature. 
Researchers [15-20] have developed these correlations for predicting the properties o f nanofluids.
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5.9 Viscosity
Brinkman [22] had presented a correlation for finding the viscosity o f very small particles 
suspended in a liquid. The correlation is presented in Eq. (5.8). Using this correlation we can find 
the viscosity o f nanofluids for different concentrations. The dependence on temperature is built in 
with the base fluid viscosity.
where ^ n^ a n d  ^ bf  are viscosities o f nanofluid and basefluid respectively and 0  is the volumetric 
concentration o f nanoparticles in base fluid.
5.10 T herm al conductivity
Prasher et al. [23] proposed a conduction-convection model. They considered convection as due 
to Brownian motion o f the nanoparticles and added it to the M axwell-Garnett conduction model. 
The equation they proposed was Eq. (5.9).
where the coefficient A = 4 x  1 0 4 , m=2.5 ±  15% for water-based nanofluids, m=1.6 ±  15% for 
ethylene glycol based nanofluids and m=1.05 ±  15% for oil-based nanofluids and a  is the 
reciprocal o f nanoparticle Biot number. The thermal boundary resistance is Rb. The km, &, Rb and 
Re can be calculated from Eq. (5.10).
(5.8)
^ n f
k bf
— ( 1  +  A  R e m  P r 0 3 3 3  $ )
( k p ( 1  +  2 & )  +  2 k m )  +  2 $ ( k p ( 1  — — k m )
( k p ( 1  +  2 & )  +  2 k m )  — f i ( k p ( 1  — — k m )
where Rb o f w ater is 0.77x10-8 Km 2W -1.
5.11 Density
The density o f the nanofluid can be calculated using a the Pak and Cho [3] correlation Eq. (5.11).
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P n f  — ( 1  $ ) P b f  +  $ P n p  (511)
where P n f , P b f , P n p  are density o f nanofluid, basefluid and solid particle respectively, and 0  is the 
volumetric concentration o f nanoparticles in base fluid.
5.12 Specific heat
Xuan and Roetzel [24] presented a correlation Eq. (5.12) for calculating the specific heat of 
nanofluids based on the conservation o f energy. Using Xuan and Roeztel’s correlation we can 
calculate the specific heat o f 20:80 M /W  nanofluids.
n  @ P np CPn p  +  ( 1  — @~)PbfCPbf
C p n f   -------------------   (5.12)
P n f
where C p np  C p n p , C p bf  are specific heats o f nanofluid, solid particles and base fluid, respectively.
5.13 A nalytical study
An analytical solution was obtained for the GSHP. The CCHRC GSHP ground conditions were 
used for the analytical solution. The model calculation o f pumping power and outlet temperature 
from the loop matched with the values measured at CCHRC. The fluid is circulated as turbulent 
flow to absorb more amount o f heat. From the ground. For the analysis regular heat transfer 
correlations were used to calculate the Nusselt number. The Nusselt number correlation used for 
the analysis is taken from Bejan [11].
N u d -  0 . 0 1 2 ( R e 0  8 7  — 2 8 0 ) P r 0A (1.5 < P r <  500, 3000 < R e <  1 0 6  )  (5.13)
where Re is the Reynolds number and Pr is the Prandtl number o f the fluid.
The Darcy friction factor is necessary to calculate the pumping power required to circulate the 
fluid. The turbulent friction factor correlation is taken from by Bejan [11].
1
f -  0 . 0 4 6  * R e - 5  ( 2  X  1 0 4  <  R e  <  1 0 6  )  (514)
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5.14 A nalytical m odeling w ith  d ifferent liquids
A comparative analysis was performed with different liquids to understand their performance. The 
fluids studied under this analysis are water, 20:80 methanol and water (M/W), 60:40 by mass 
ethylene glycol and water (EG/W), 60:40 by mass propylene glycol and w ater (PG/W) and HFE- 
7000. The pipe length required to absorb 18 kW o f heat calculated (CCHRC data) from ground is 
calculated and plotted in Figure 5.4. Similarly the necessary pumping power was also calculated 
to circulate different fluids in the present GSHP system and shown in Figure 5.5. The 
thermophysical properties for HFE 7000 was from the 3M literature [25]. For water it was taken 
from Bejan [11] and for glycols from ASHRAE [5].
5.14.1 P ipe length
The Figure. 5.4 shows the length o f pipe required to absorb 18kW of heat from ground with 
different fluids with different ground temperatures. From this figure it is observed that HFE 7000 
requires more length o f pipe to absorb the heat compared to the other fluids. This is due to the low 
thermal conductivity o f HFE 7000. It is a low thermal conductivity fluid but has extremely low 
freezing point and hence considered for application in space. W ater requires least amount o f piping 
among the different fluids among the fluids. Since water freezes at 0 °C, so it is not an ideal fluid 
to use in cold climate regions.
5.14.2 P um ping  pow er
The Figure. 5.5 shows the pumping power required to circulate the fluid in the GSHP ground loop. 
From the graph it is observed that water requires least amount o f pumping power compared to 
other fluids. The 60:40 PG/W  requires high amount o f pumping power. This is due to the high 
viscosity o f 60:40 PG/W. The pumping power required is decreasing with increase in ground 
temperature. This is due to the decrease in viscosity and increase in thermal conductivity and 
specific heat o f the fluid with temperature.
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5.15 N anofluids in G SH P
Using nanofluid thermophysical properties an analytical studies had been performed on ground 
loop o f GSHP. Since the heat transfer fluid that is being used in CCHRC GSHP is M/W, the 
basefluid for our nanofluids was taken to be M/W. the nanofluid properties were calculated by 
using the correlations listed by Eqs (5.8-5.12). Using those properties analytical studies were 
conducted by changing the ground temperature to represent different months.
5.16 G round  tem pera tu res
One o f the varying parameters in the GSHP design is ground temperature because this changes 
from month to month during the winter. An analysis was performed to study the effect o f ground 
temperature on heat absorption and pumping power o f GSHP using nanofluids.
5.16.1 H eat absorbed
The Figure 5.6 shows the heat absorbed by different fluids as a function o f different ground 
temperatures. The analysis was performed with M/W, Al2O3 and CuO nanofluids. The nanofluids 
were o f three different concentrations; 0.5, 1 and 2%. All the fluids have same inlet temperature, 
volume flowrate and length. As expected, the heat absorption increases with increase in ground 
temperature for all the fluids. However, the nanofluids are not extracting significantly more heat 
from the ground, than the base fluid. At low temperatures the nanofluid properties are practically 
equal to that o f basefluid.
5.16.2 P um ping  pow er
The Figure 5.7 shows the pumping power variation with increase in ground temperature. The fluids 
that are analyzed are A hO 3, CuO nanofluids and M/W. It is observed that 20:80 M /W  base fluid 
requires less pumping power than nanofluids. It is observed that 17.4% increase in pumping power 
for CuO 2% nanofluid compared to M/W. Nanofluids require high pumping power due to increase 
in viscosity and density.
Nanofluids density and viscosity are increasing at low temperatures, which resulted in high 
pumping power. The Figure 5.7 show, ground temperature variation between 273K and 288K has
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minimal effect on pumping power variation as the properties change very little in this small 
temperature range.
5.17 N um erical analysis
The experimental study o f the GSHP conducted by CCHRC with just the base fluid was expensive; 
conducting the same tests for different nanofluids would be cost prohibitive. Therefore, numerical 
simulations were the alternate approach. W e performed these simulations to predict the 
performance o f the ground heat exchanger (GHE). This saved expenses and long-term 
experimental data collection and analysis. The numerical analysis helped study the role o f different 
parameters such as ground temperature, inlet velocity, and fluids o f different properties in the 
performance o f the GSHP.
Other researchers have performed numerical studies on GHEs. Healy and Ugursal [6 ] studied 
the effect o f various parameters on GSHP performance using a computer model, G-HEADS. They 
improved performance o f the GSHP by optimizing the parameters while designing the GSHP. 
Yavustruk and Spitler [26] presented a two-dimensional numerical model. They developed a water 
to air heat pump model. Using their model, they studied the short-term behavior o f ground coupled 
heat exchangers. Bi and others [27] used a two-dimensional cylindrical coordinate system to model 
a vertical ground heat exchanger. They solved the temperature distribution in the soil and 
compared their numerical results with experimental data. They showed the important role played 
by the temperature distribution in the performance o f a GSHP.
M ihalakakou and others [28] presented a model in polar coordinates. In the model, they 
included the moisture content o f the soil around the pipe. Through their study, they proved the 
importance o f moisture content in the soil in calculating the performance o f a GSHP. The model 
they used was the TRANSYS simulation program. Bojic and others [29] developed a tw o­
dimensional model in which soil has different horizontal layers with constant temperatures. They 
studied the heat transfer from ambient air to the ground pipes. They used steady-state energy 
equations to solve the problem. Demir and others [30] developed a two-dimensional model o f a 
GSHP. They used MATLAB to perform the numerical study. They compared their result with 
experimental values and found a maximum error o f 10% with outlet temperatures. W u and others
145
[31] studied the thermal performance o f a horizontal GSHP in the United Kingdom (U.K.) with 
both experimental and numerical methods. They performed numerical analysis using the FLUENT 
program, studying the effects o f different parameters on the performance o f a GSHP. They found 
larger diameter coils can extract more heat from the ground. They also found that heat extraction 
rate decreased with increasing coil central interval distance.
Benazaa and others [32] studied the coils in a horizontal GSHP numerically. They used an 
unsteady quasi-three-dimensional model simulation in their study o f the influence o f thermal 
conductivity and geometric parameters on heat exchanger efficiency. They found heat flux 
absorption decreases as time increases. Tube diameter played an important role in the performance 
o f the GSHP. Fuji and others [33] studied the slinky horizontal coils in the ground heat exchanger 
numerically. They used the commercial finite element software FEFLOW  for their analysis. They 
compared their numerical result with experimental values with good agreement. Congedo and 
others [34] studied different configurations in a horizontal GSHP in Italy. They used the CFD code 
FLUENT to simulate the GSHP for 1 year. They studied parameters such as soil thermal 
conductivity, velocity o f fluid, and depth o f coil below the soil surface. They found that a helical 
heat exchanger system provided the best performance. Sagia and others [35] performed a tw o­
dimensional analysis on borehole thermal resistance in ground heat exchangers. They performed 
a steady state analysis o f the problem, using the finite element software COMSOL M ultiphysics 
for their simulations. They found borehole thermal resistance decreased as the distance between 
holes increased. They also found that an increase in the thermal conductivity o f the ground 
decreased the borehole thermal resistance. Luo and others [36] numerically studied the energy 
absorption by a horizontal GSHP. They used the commercial finite element program FEFLOW  to 
model the problem. They considered the effect o f coil depth and diameter in energy absorption by 
a GSHP. They found decreased variation in fluid temperature at the outlet with increased burial 
depth.
5.18 P roblem  definition
In the present study, we performed a numerical analysis on the CCHRC’s cold climate GSHP. The 
total length o f the pipe in the ground loop o f the heat exchanger in the GSHP is 1400 m. This loop 
is placed as a slinky coil in the ground at a depth o f 2.9 m from the ground surface. The inside
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diameter o f the pipe is 0.75 in (1.9 cm) and its wall thickness is 0.25 in (0.635 cm). The horizontal 
GSHP at the CCHRC is modeled in COMSOL M ultiphysics V 4.3 software [37]. A three­
dimensional geometry was prepared in this software. Figure 5.8 shows the geometry used for 
analysis in the COMSOL software. In order to generate a successful finite element mesh around 
the pipe, the total slinky coil length o f 1400 m was represented by six straight pipelines with U- 
bends. From the CCHRC’s ground temperature measurements, it was determined that the soil 
providing the heat is a block o f 280 m length, 150 m width, and 10 m height. The coil is placed
2.9 m below the surface to match the actual installation in the field. There are two domains in the 
model: domain 1 is the solid domain, which has solid material (soil) properties, and domain 2  is 
for different fluids within the pipe.
5.19 M ateria l p roperties
The material properties o f the soil and the pipe have been taken from the CCHRC [1,7]. These 
properties are shown in Table 5.5. The high density polyethylene (HDPE) pipe material is used for 
pipe wall materials and the values are from the CCHRC [7]. COMSOL software provides an 
opportunity to define the material properties as a function o f temperature. Using the piecewise 
function in Comsol, we can define material properties at a particular temperature. W e defined fluid 
properties separately for each fluid, since the properties are known at a particular temperature. W e 
defined these properties in the fluid domain. Comsol interpolated the properties between the 
defined points. For heat transfer in the soil, the solid heat transfer module is used. For heat transfer 
analysis in fluids, the pipe flow module in the Comsol program is used. In the pipe flow module, 
both pressure and heat transfer in fluids can be modeled. Comsol solves the heat transfer in both 
the solid and liquid phases using a segregated solver.
5.20 F in ite elem ent m esh generation
Comsol has an inbuilt meshing program which generates the mesh in the model domain. For 
simplicity, we adopted the default meshing process provided by COMSOL. The default meshing 
process automatically changes with the physics o f the domain. It has an inbuilt program to generate 
mesh for both solid and liquid domains separately. This automatic meshing scheme provides the 
common node points at solid and liquid boundaries. It also takes care o f fine boundary meshing,
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which is required to clearly capture the fluid dynamics and heat transfer at the pipe boundary. The 
program provides options for fine-tuning the meshing, like coarse mesh for larger cell sizes and 
fine mesh for smaller cell sizes. For our present simulations, we opted for the extremely fine-tuned 
mesh option. The geometry contains 45883 domain elements, 7952 boundary elements, and 759 
edge elements. Figure 5.9 shows the meshing image o f the geometry under computation. Figure 
5.9(a) shows the mesh covering the entire domain, while Figure 5.9(b) shows the finer mesh around 
the pipe buried 2.9 m below the surface. Around the pipe, where the heat transfer is taking place 
from the soil, the finer mesh computes the heat transfer accurately. Farther away from the pipe, 
where temperature gradients and heat transfer in the soil are small, relatively larger elements are 
employed to keep the computation time reasonable.
5.21 G overning equations
A 3-dimensional steady state analysis was performed on the problem. The heat transfer between 
the soil and fluid was studied by using the following governing equations. For solids heat is 
transferred by using conduction. The heat transfer governing equation for solid was provided in 
Eq. (5.15).
p C p V T  =  V • ( k ^ V T )  +  Q  (5.15)
where p  is the density, C p  is the specific heat, k  is the thermal conductivity o f material, Q  is the 
heat source.
The energy equation for the fluid flow is provided in Eq. (5.16).
p A C Pu  • V T  =  V • A k V T  +  Q wal l  + ^ f l u l 3
(5.16)
Qwall  =  h Z  ( Text  -  T )
where A  is the cross sectional area o f pipe, u  is the velocity o f the fluid. Qwall is the heat exchange 
with pipe and surroundings through pipe wall, Z is the wetted perimeter o f the pipe. h  is the heat 
transfer coefficient o f fluid. Text is the external temperature outside the pipe. Soil temperature
becomes the Text in this case. The term l u l 3 is the heat generated due to the friction in fluids.
2dh
The continuity and momentum equation for fluid are provided in Eqs. (5.17) and (5.18).
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Continuity; V • ( A p u )  =  0 (5.17)
Momentum; 0 =  — V P  - ^ - ^ u l u l  +  F  (5.18)
2&h
where P  is the pressure o f the fluid, f D  is the Darcy friction factor o f the fluid, dh is the hydraulic 
diameter o f the fluid passage. F  is the volume force o f the fluid.
5.22 B oundary  conditions
Solving the governing equations for the required domain necessitates defining boundary conditions 
from CCHRC ground temperature measurements. The temperature o f the soil is nearly uniform 
throughout the domain and varies modestly with different months, so we assumed constant 
temperature boundary conditions at all faces with different values for different months. For the 
soil domain, a temperature is defined which represents the temperature o f the ground. This 
temperature is changed to make repetitive runs to represent different moths o f the year. At the 
faces o f the block, a constant temperature boundary condition which has the same temperature as 
the soil is used. For the fluid, constant velocity and temperature are given as boundary conditions 
at inlet. These parameters are varied and runs are repeated to perform parametric studies. After 
solving for the model for given conditions, Comsol gives the results for further analysis. Comsol 
has a built-in post-processing tool to perform primary analysis on the obtained results. Figure 5.10 
shows the results o f a typical Comsol simulation for an inlet fluid temperature o f 270K and outlet 
fluid temperature o f 274.5K after performing post processing in the software.
5.23 V alidation of com putation
5.23.1 O u tle t tem p era tu re  com parison
The numerical model was validated by comparing the numerical computational results with 
analytical results and experimental data collected at the CCHRC. Figure 5.11 compares the outlet 
temperatures obtained by the Comsol model, the experiment, and analytical calculation. The 
experimental and Comsol model results are very close to each other. A maximum error o f -0.5K 
was observed between the Comsol and experimental results. A maximum error o f 2.32K was 
observed between the analytical and experimental values, possibly due to the assumption o f a
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single 1400 m long straight pipe built into the analytical model. These two results show that the 
Comsol model is predicting fairly good results compared to experimental and analytical values.
5.23.2 H eat abso rp tion  com parison
Figure 5.12 shows the comparison o f the heat absorption in the ground loop from the soil for 
different months. A reasonable agreement between the analytical and Comsol results is observed.
5.24 Effects of d ifferent param eters
Several simulations were repeated to evaluate the effect o f changing different parameters on heat 
absorption by the GSHP. The simulations were repeated for 0.5, 1, and 2% concentrations o f A hO 3 
and CuO nanofluids. The parameters varied were ground temperature, flow velocity, and inlet 
temperature o f the heat transfer fluid. The effects o f these parameters on GSHP performance are 
explained in the following sections.
5.24.1 G ro u n d  tem p era tu re  varia tion
Ground temperature is a very important parameter which changes throughout the season and 
influences the heat absorbed by the ground loop. Figure 5.13 shows the effect o f ground 
temperatures from 273K to 323K on the heat absorbed by the fluid in the ground loop o f the GSHP. 
In Figure 5.13, we notice that as the ground temperature increases, so does the heat absorption by 
the fluid. From the figure, it is evident that heat absorption by the A hO 3 2% nanofluid is the 
highest. At a high ground temperature (323K), the base fluid M W  absorbs the least and A hO 3 
absorbs the most heat.
5.24.2 H eat tran sfe r fluid velocity
The heat absorption by the fluid in the ground loop is directly related to the flow rate inside the 
loop: with increasing velocity, the convection heat transfer coefficient increases. W e performed a 
flow rate parametric study inside the ground loop o f the GSHP by varying the velocity from 1 to 
5 m/s. The actual GSHP at the CCHRC operated at 3.7 m/s. In all cases, the fluid entering the loop 
was at 270K. Figures 5.14 to 5.16 show the heat absorbed by nanofluids for different flow rates at 
four different ground temperatures (273, 278, 283, and 288K). Figure 5.14 shows the heat absorbed
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by different fluids in the ground loop at a 273K ground temperature for three different velocities, 
1 to 5 m/s. From the figure, it is clear that as the flow rate increases, the heat absorption also 
increases. At a low flow rate o f 1 m/s, we observed that nanofluids absorbed 6.5% more heat than 
the basefluid, M/W. At a high flow rate o f 5 m/s, A hO 3 2% nanofluid absorbed 10% more heat 
than M/W. Figure 5.15 shows the heat absorbed by the fluids in the ground loop at 278K ground 
temperature. At a low flow rate o f 1 m/s, we observed that the Al2O3 2% nanofluid absorbed 6 % 
more heat than M/W. At a high flow rate o f 5 m/s, A hO 3 2% absorbed 7.8% more heat than M/W. 
Figure 5.16 shows the effect o f flow rate on heat absorption at 283K ground temperature. The 
difference in heat absorption at 1 m/s is 5.8% more for A hO 3 2% nanofluid. At a 5 m/s flow rate, 
A hO 3 2% absorbed 8.3% more heat than M/W. Figure 5.17 shows a similar analysis with flow 
rate at 288K ground temperature. At a low flow rate o f 1m/s, CuO 2% nanofluid absorbed 3.7% 
more heat than M/W. At a high flow rate o f 5 m/s, A hO 3 2% absorbed 7% more heat than M/W. 
From these results, we can say that at lower temperatures and higher flow rates, nanofluids are 
absorbing more heat than M/W. In this parametric study, we found that nanofluids performed 
better than the M/W  basefluid.
5.25 In le t fluid tem p era tu re
A parametric study was performed on the GSHP ground loop by changing the temperature at which 
fluid entered the ground loop. The CCHRC running conditions were used for this analysis with 
various pinch temperatures (Tg-Ti) ranging from 2 to 10K. Figures 5.18-5.20 show the effect of 
fluid inlet temperature on heat absorption at different ground temperatures. The horizontal axis in 
the plots gives the pinch temperature difference between the ground temperature and the fluid inlet 
temperature (Tg -  Ti). Figure 5.17 shows the heat absorption by fluids for different inlet 
temperatures when the ground is at 273K. The nanofluids absorbed more heat than the base fluid, 
M/W. W e found an increase o f 9.3% for A hO 3 2% nanofluids over the base fluid for a temperature 
difference o f 2K. Figure 5.18 shows heat absorption with varying fluid inlet temperature at a 
ground temperature o f 278K. The nanofluids absorbed more heat than M/W. The A hO 3 2% 
nanofluid absorbed 10% more heat than M /W  for a 2K temperature difference. Figure 5.19 shows 
the heat absorption o f fluids in the ground loop for different inlet temperatures when the ground is 
at 283K. The A hO 3 2% nanofluids absorbed 10.7% more heat than M/W. Figure 5.20 shows heat 
absorption variation for different fluid inlet temperatures at ground temperature 288K. In this case,
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an increase o f 9% was observed for A hO 3 2% nanofluids over the base fluid, M/W. From these 
results, it was clear that heat absorption was increasing with increasing difference between the 
ground temperature and the inlet temperature. For all ground temperatures, nanofluids were 
absorbing more heat than M/W. This absorption increased with increasing ground temperature. 
Nanofluids were absorbing more heat compared to the base fluid M/W  at low temperature 
differences.
5.25.1 P um ping  pow er
Figure 5.21 shows the pumping power variation with different flow velocities at ground 
temperature o f 273K for the basefluid M/W  and six different nanofluids. The CCHRC heat pump 
ran at 3.7 m/s. The plot shows at low flow velocity the pumping power o f nanofluids practically 
equal to that o f the basefluid M/W. At high velocity o f 3 m/s, 2% nanofluids require marginally 
more power than the basefluid. For example, there is an increase o f 40W more power required for 
CuO 2% nanofluids, which is about 6 % more than required by base fluid.
5.26 Conclusions
Analytical and numerical studies on the cold climate GSHP have been performed using nanofluids 
with volume concentrations ranging from 0.5 to 2%. Initially, using the analytical method, the 
required length o f pipe to absorb 18 kW of thermal energy for the CCHRC heat pump and the 
pumping power required to pump the fluids in Fairbanks soil conditions were calculated. Later, 
using the same operating conditions o f the GSHP in the CCHRC, analytical evaluations were 
performed by varying the ground temperature. From this analysis, it was observed that there is a 
marginal benefit to using nanofluids in cold climate GSHPs. Pumping power increases with 
nanofluids due to their increased viscosity. Ground temperature is one o f the varying parameters. 
Secondly, a numerical study was performed using the Comsol finite element model to study the 
performance o f nanofluids in the GSHP. W e performed three parametric studies on the 
performance o f nanofluids in the CCHRC GSHP. The results showed that with an increase in 
ground temperature, the nanofluids were absorbing 12% more heat than the base fluid at 273 K. In 
the parametric study with flow velocity variation, we found nanofluids were absorbing 1 0 % more 
heat than M/W  at low temperatures. In the parametric study with inlet temperature variation for a
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temperature difference o f 2K between ground and inlet temperatures, the 2% Al2O3 nanofluid 
absorbed 10% more heat than the base fluid. Numerical analysis showed a marginal increase in 
pumping power for nanofluids over the base fluid. From these results, it may be concluded that 
nanofluids would perform slightly better than the M /W  basefluid in cold climates, with a marginal 
increase in pumping power.
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5.28 N om enclature
EG/W 60% Ethylene Glycol and 40% W ater by mass
PG/W 60 % propylene Glycol and 40% W ater by mass
Al2O3 Aluminum Oxide
CCHRC Cold Climate Housing Research Center, Fairbanks, Alaska
COP Coefficient o f Performance
CuO Copper Oxide
GHE Ground Heat Exchanger
GSHP Ground Source Heat Pump
HDPE High Density Poly Eurethene
L Pipe length [m]
M/W 20% methanol and 80% W ater
Q Heat absorbed [kW]
T Temperature [K]
W Pumping power [W]
S ubscrip t
b f base fluid
g ground
i inlet
n f nanofluid
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np nanoparticle
Figure 5.1. Schematic diagram of ground source heat pump
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Figure 5.6. Heat absorbed by ground heat exchanger with variation in ground temperature.
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Figure 5.7. Pumping power o f  fluid w ith ground temperature.
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Figure 5.8. GSHP geometry design used for numerical analysis in Comsol.
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Figure 5.9. M eshing image o f geometry in Comsol, (a) represents 3D view o f mesh, (b) represents
2D cross-sectional view o f mesh around pipes.
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Figure 5.10. Comsol model showing results after simulation
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Figure 5.11. Comparison o f Comsol result with experiment and analytical values.
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Figure 5.12. Comparison o f heat absorbed by ground loop between Comsol results and analytical
results.
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Figure 5.14. Heat absorption by fluid in ground loop for different inlet velocity at 273K-ground
temperature.
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Figure 5.15. Heat absorption by fluid in ground loop for different inlet velocity at 278K-ground
temperature.
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Figure 5.16. Heat absorption by fluid in ground loop for different inlet velocity at 283K-ground
temperature.
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Figure 5.17. Heat absorbed by fluid in ground loop for different inlet temperatures o f fluid when
ground temperature is 273K.
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Figure 5.18. Heat absorption by fluid in ground loop for different inlet velocity at 288K-ground
temperature.
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Figure 5.19. Heat absorbed by fluid in ground loop for different inlet temperatures o f fluid when
ground temperature is 278K.
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Figure 5.20. Heat absorbed by fluid in ground loop for different inlet temperatures o f fluid when
ground temperature is 283K.
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Figure 5.21. Pumping power variation with flow rate at ground temperature o f  273K.
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Table 5.1. Specifications o f GSHP at CCHRC, Fairbanks [13].
D epth of coil below surface [m] 2.9
Flow rate in the loop [L/min] 62.9
Fluid outlet temperature [C] -0.7
Fluid inlet temperature [C] -3.5
Pipe inner diameter [inch] 0.75
Pipe outer diameter [inch] 1
Pumping power [W] 750
Table 5.2. Thermophysical properties o f 20:80 M /W  heat transfer fluid with temperature.
T em p era tu r 
e (C)
Density
(kg/m 3)
Specific H eat 
(J/kg  K)
T herm al
C onductivity
(W /m K)
Viscosity 
(kg/m  s)
-1 0 988 3581.52 0.487 0.00292
0 986 3631.08 0.496 0.00234
10 970 3720.42 0.510 0.00187
2 0 965 3800.84 0.521 0.00150
30 963 3859.46 0.532 0 .0 0 1 2 0
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Table 5.3. Material properties o f HDPE pipe and Soil CCHRC
H D PE Pipe F a irb an k s, Soil
Density [kg/m3] 965 1989.49
Thermal conductivity 0.51 1.42
[W/m.K]
Specific Heat [J/kg.K] 1900 1112.43
Table 5.4. Material properties o f different nanoparticles.
M aterial
Density
(kg/m 3)
Specific
H eat
T herm al
C onductivity
(J/kgK ) (W /m K)
Al2O3 [2 1 ] 3600 765 36
CuO [21] 6500 533 17.65
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Table 5.5. Shows the properties o f 20:80 M/W  basefluid and nanofluids at 273K.
M aterial
Density
[kg/m3]
Specific 
H eat 
[J/kg K]
Viscosity
[kg/ms]
T herm al 
C onductivity  
[W /m K]
M/W 970.8 3646.5 0.0023 0.4982
Al2O3 0.5% 983.9 3593.8 0.0023 0.5127
Al2O3 1% 996.4 3576.9 0 .0 0 2 2 0.5099
Al2O3 2% 1023.4153 3443.8170 0.0025 0.5096
CuO 0.5% 998.4778 3545.1967 0.0023 0.5007
CuO 1% 1026.1237 3449.3132 0.0023 0.5031
CuO 2% 1081.4153 3272.2535 0.0024 0.5080
Table 5.6. Ground temperature variation with different months in a year
M onth
G round
T em pera tu re
(K)
Oct-14 275.81
Nov-14 274.81
Dec-14 274.46
Jan-15 273.9
Feb-15 273.59
Apr-15 273.41
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Chapter 6 Overall Conclusions
The following conclusions are drawn from the preceding chapters:
6.1 Conclusions fo r th e rm al conductivity  m easurem ents of propylene glycol nanofluids 
and  com parison w ith  correlations
• The results showed an increase in thermal conductivity o f nanofluids with increasing 
concentration and temperature. As the nanoparticles’ diameter increased, the thermal 
conductivity increased.
• It was noticed that several correlations did not capture the thermal conductivity variations 
with temperature and concentration properly. The reason for this is that models are usually 
developed without considering large experimental data sets.
• The model presented by Prasher et al. proved effective. This model was refined using a 
broader set o f experimental data, which provided a new correlation constant, m, for 60:40 
PG/W  based nanofluids.
• W ith this new value o f m = 2.698, Eq. (2.8a) gives accurate predictions o f thermal 
conductivity o f different PG/W  nanofluids over a wide range o f concentrations, 
temperatures, and particle sizes. Since the nanofluids exhibit enhanced thermal 
conductivity with increasing temperature, it is concluded that their application in higher 
temperature environments will be more beneficial.
6.2 Conclusions fo r specific heat m easurem ents of five d ifferent propylene glycol based 
nanofluids and  developm ent of a new correlation
• From a set o f carefully conducted experiments, the specific heats o f five different 
nanofluids (A hO 3, CuO, SiO2, TiO2, and ZnO nanoparticles) dispersed in a 60:40 PG/W 
base fluid were measured. From these data the effects o f temperature (243-363 K), particle 
volumetric concentration (0.5 - 6 %), and particle size (15 -76nm) on specific heat were 
studied.
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• The results showed a decrease in the specific heat with increasing concentration and an 
increase in the specific heat with increasing temperature, which were in agreement with 
previously published results.
• At low concentrations (between 0.5 and 1.5%) the reduction in specific heat was small, 
indicating that nanofluids can be beneficial at dilute concentrations by increasing thermal 
conductivity and restricting the viscosity increase to a smaller value.
• The experimental results show that particle size has no significant effect on the specific 
heat of nanofluids. The specific heat correlations from the literature failed to predict the 
measured specific heat values with good agreement.
• Therefore, a new specific heat correlation was developed for five different nanoparticles 
dispersed in 60:40 PG/W, which predicted the specific heat values o f the tested nanofluids 
with an average deviation o f -0.094%. W ith additional testing in the future, this correlation 
can be refined to be applicable to many other nanofluids.
6.3 Conclusions fo r m easurem ents of densities of propylene glycol based nanofluids and  
com parison w ith  theory
• First, a benchmark test was performed on the 60:40 PG/W  by mass mixture and the results 
showed good agreement with a very small deviation ( 1 .6 %) with reference values.
• The density was measured for different nanofluids (A hO 3, ZnO, TiO2, SiO2, CuO 
nanoparticles and carbon nanotubes nanoparticles dispersed in 60:40 PG/W). The 
experiments were conducted in a temperature range o f 273 K to 363 K. The measured 
density values agreed well with those o f the theoretical equation.
• The results showed that the density o f nanofluids is independent o f the particle size.
• Nanofluid densities increased with increasing particle volumetric concentration but 
decreased with increasing temperature.
• Based upon 874 data points, it was found that the maximum deviation between the 
measured values and those predicted by the equation o f Pak and Cho was ±4% . Therefore, 
equation 4.10 can be used to calculate the densities o f nanofluids accurately.
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6.4 Conclusions fo r evaluation of nanofluids g round  source heat pum ps operating  in cold 
clim ate
• An analytical study has been performed to find the best fluid to be used in GSHPs in cold 
climates. The analysis measured the required length o f pipe to absorb 18 kW of heat energy 
and the pumping power required to pump the fluids in the loop in Fairbanks soil conditions.
• An analytical study changing the flow rate in the fluid is performed. From this analysis, it 
is observed that there is no significant benefit to using nanofluids in cold climate GSHPs. 
Pumping power increases with nanofluids due to increasing viscosity. Ground temperature 
is one o f the varying parameters.
• Three parametric studies o f the performance o f nanofluids in GSHPs in cold climates were 
conducted.
• W ith increasing ground temperature, the nanofluids absorb more heat than the base fluid.
• In the flow rate parametric study, we found that the nanofluids absorb more heat than M /W  
at low flow rates. W ith inlet temperature variation, nanofluids followed M /W  in results.
• Numerical analysis showed an increase in pumping power for nanofluids compared to that 
o f the base fluid. These results show that nanofluids perform slightly better than M /W  in 
cold climates, but at the expense o f increased pumping power.
6.5 Suggestions fo r fu tu re  research
In the present research we have measured thermophysical properties o f propylene glycol 
nanofluids and shown the application o f nanofluids in a ground source heat pump. However, 
additional research should be done in the following areas for better understanding o f nanofluids 
and to improve their efficiency.
• Nanofluids still need some surfactants to keep them afloat for a longer duration. 
Research need to be done to find a way to completely prohibit the agglomeration and 
sedimentation o f nanoparticles.
• Nanofluid research is widely dispersed. Research should be done to find a common 
correlation for predicting the properties o f nanofluids.
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• No research has been done measuring nanofluid properties below room temperature, as 
we did for propylene glycol nanofluids. Experiments need to be done to study nanofluid 
properties at low temperatures.
• In general, the specific heat o f nanofluids decreases with the addition o f nanoparticles. 
There have been studies showing increased specific heat o f salts when nanoparticles 
are added. If  we can find a property that contributes to increase specific heat o f fluids, 
these fluids will find good application as heat transfer fluids.
• Carbon nanotubes have higher thermal conductivity than any metal nanoparticles. 
Research need to be done to find the right aspect ratio to suspend them in fluid to 
prevent tangling o f tubes. This will help in finding many applications o f carbon 
nanotube nanofluids.
• Limited research is being done on nanofluid flow in the porous medium. In the research 
it was found that nanoparticles reduce the surface tension o f a liquid. Decreased surface 
tension fluids have applications like enhanced oil recovery, decreased boiling point of 
liquids, and others.
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A ppendices
During my doctoral study in the last four years, in addition to the work presented in the chapters 
o f this dissertation, I worked on other research projects with the members o f the nanofluids 
group at the mechanical engineering department, UAF.
The research work was published in peer-reviewed journals. The abstracts o f the papers to 
which I contributed and co-authored are provided in these apendices.
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A bstrac t
Experimental investigations were carried out for the determination of thermal conductivity of 
silicon dioxide (SiO2) nanoparticles dispersed in 60% ethylene glycol and 40% water by mass. 
Experiments conducted in a temperature range o f 20 0C to 90 0C and for several particle volumetric 
concentrations up to 10% showed that the ratio of thermal conductivity of nanofluid to that of the 
base fluid increased with an increase in temperature and volumetric concentration. As an example, 
as much as a 20% enhancement in thermal conductivity was evidenced for a particle volumetric 
concentration of 10% at 87 0C Comparison of experimental results of this nonmetallic 
nanoparticles suspension with the well-known model developed by Hamilton and Crosser for 
microparticles suspensions, exhibits that this model under predicts the thermal conductivity of 
nanofluids. Therefore, a new correlation has been derived following recent models developed for 
metallic nanoparticles suspensions, which is a combination o f the H am ilton-Crosser model plus a 
term due to the Brownian motion. This new correlation expresses the thermal conductivity of 
silicon dioxide nanofluid as a function o f temperature, volumetric concentration and the properties 
of the base fluid and the nanoparticles.
A ppendix  1. M easurem ent of the th e rm al conductivity  of silicon dioxide nanoflu id  and
developm ent of correlation*
*
Sahoo, B., Das, D. K., Vajjha, R. S. and Satti, J. R. 2013, “Measurment Of The Thermal Conductivity Of Silicon 
Dixoide Nanofluid And Development Of Correlation,” ASME Journal of Nanotechnology in Engineering and 
Medicine., 3(4), pp. 041006 1-10.
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A bstrac t
Surface tension measurements were performed on four nanofluids containing aluminum oxide 
(A hO 3), zinc oxide (ZnO), titanium dioxide (TiO2) and silicon dioxide (SiO2) nanoparticles 
suspended in a base fluid o f 60 % propylene glycol and 40 % water by mass. (60:40 PG/W). First, 
benchmark tests for the surface tension o f water were performed, for which accurate data are 
available in the published literature. M easured data agreed well with the published data confirming 
the accuracy o f the apparatus, as well as the experimental procedure. Following the benchmark 
tests, measurements were performed on nanofluids over a temperature range o f 30 oC  to 7 0 oC  for 
particle volumetric concentrations ranging from 0 to 6  % and particle sizes in the range o f 15 to 
50 nm. From the experimental data, it was observed that the surface tension o f nanofluids 
decreased with an increase in temperature. At a constant temperature, an increase in the particle 
volumetric concentration o f a nanofluid caused a decrease in the surface tension. For nanofluids 
at fixed volumetric concentration and temperature, the surface tension was found to be lower for 
smaller particle sizes except the ZnO nanofluid. A statistical analysis performed on the 
experimental data yielded a single correlation valid for all the nanofluids tested. This surface 
tension correlation is a function o f temperature, volumetric concentration and the size o f the 
nanoparticles, which predicts results successfully with an average deviation o f 2 .6 % from the 
measured values.
A ppendix  2. M easurem ents of the surface tension of nanofluids and  developm ent of a new
corre la tion*
* Chinnam, J., Das D. K., Vajjha R. S., and Satti J. R., 2015. “Measurements o f the surface tension of nanofluids and 
development of a new correlation”, International Journal of Thermal Sciences, 98, pg-68-80.
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A bstrac t
Contact angle measurements were performed on deionized water, propylene glycol and mixture of 
60% propylene glycol and 40% water by mass (60:40 PG/W), over a temperature range o f 25 °C 
to 40 °C. All measurements were performed on the surface o f a glass slide at the solid-fluid-air- 
interface. After confirming the contact angle value o f water with the data o f other researchers, the 
same procedure was applied to four nanofluids (nanoscale particles dispersed in a base fluid) 
containing aluminum oxide (ALO3), zinc oxide (ZnO), titanium dioxide (TiO2) and silicon dioxide 
(SiO2) nanoparticles dispersed in 60:40 PG/W. For the nanofluids, the particle volumetric 
concentrations were varied from 0 to 6 % and the average particle sizes ranged from 15 to 50 nm. 
From the experimental data, it was observed that the contact angles o f three single phase liquids 
and four nanofluids were less than 90°, indicating that all these fluids were wetting to the glass 
surface. The contact angles o f all tested fluids exhibited a continuous decrement with an increase 
in temperature, and a linear equation for contact angle with temperature matched the data well. For 
the nanofluids, an increase in the particle volumetric concentration caused a decrease in the contact 
angle at a constant temperature. The variation o f the contact angle followed a second order 
polynomial relation with the volumetric concentration. For nanofluids at the same volumetric 
concentration and the same temperature, the contact angles were observed to be lower for larger 
particle sizes, except for the ZnO nanofluid. A statistical analysis performed on the experimental 
data yielded a correlation suitable to represent all the nanofluids tested. This contact angle 
correlation is a function o f temperature, volumetric concentration and the size o f the nanoparticles, 
which predicts results successfully with an average deviation o f 6.3% from the measured values.
A ppendix  3. M easurem ents of the  contact angle of nanofluids and  developm ent of a new
corre la tion*
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